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OBJECTIVE 
The o b j e c t i v e  o f  t h e  o v e r a l l  program covered by t h e  c o n t r a c t  i s  
t o  s y n t h e s i z e  and e v a l u a t e  l o w  molecu la r  weight a l k a l i  metal 
ozonides ,  supe rox ides ,  and calcium superoxide for use as a i r  re- 
v i t a l i z a t i o n  m a t e r i a l s .  
The o b j e c t i v e  of  t h e  phase of t h e  program covered i n  t h i s  r e p o r t  
i s  t o  determine t h e  thermal  decomposition c h a r a c t e r i s t i c s  o f  sodium 
superoxide and l i t h i u m  peroxide.  
i ii 
ABSTRACT 
A s tudy  o f  t h e  thermal  s t a b i l i t y  of  sodium superoxide ,  sodium 
peroxide ,  and l i t h i u m  peroxide  was conducted. The t echn iques  
of d i f f e r e n t i a l  t he rma l  a n a l y s i s ,  thermogravimetry and d i f f e r e n -  
t i a l  thermogravimetry were used i n  e v a l u a t i n g  t h e  e f f e c t s  o f  m e t -  
a l l i c  oxide and m e t a l l i c - o r g a n i c  c a t a l y s t s  on the  t empera tu res  
and ra tes  of decomposi t ion of  t h e s e  compounds. Resu! t .- n d i c a t e d  
t h a t  c a t a l y s t s  do not  lower t h e  thermal  decomposi t ion t empera tu re  
b u t ,  i n  some c a s e s ,  a c c e l e r a t e  t h e  r a t e  of  decomposi t ion a t  a 
g iven  e l e v a t e d  tempera ture .  The e f f e c t  o f  p r e c o n d i t i o n i n g  sodium 
superoxide  samples by exposure t o  humid atmospheres  was also 
s t u d i e d .  Such c o n d i t i o n i n g  lowers t h e  decomposi t ion t empera tu re  
s l i g h t l y .  I so thermal  k i n e t i c  data  was a l s o  gene ra t ed  for a num- 
b e r  o f  ca t a lyzed  systems.  Magnetic s u s c e p t i b i l i t y  s t u d i e s  f o r  
calcium superoxides  were extended t o  i n c l u d e  measurements a t  
tempera tures  ranging  from -178 t o  38'C. 
i v  
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THE THERMAL DECOMPOSITION OF 
ALKALI METAL SUPEROXIDES AND PEROXIDES 
1. INTRODUCTION 
The expe r imen ta l  s t u d i e s  conducted du r ing  t h e  p e r i o d s  covered 
by t h e  s i ib jec t  c o n t r a c t  were extended t o  i n v e s t i g a t e  t h e  the rma l  
decomposition c h a r a c t e r i s t i c s  of sodium superoxide and l i t h i u m  per -  
ox ide .  Sodium peroxide was also i nc luded  i n  t h e s e  s t u d i e s  s i n c e  
it i s  formed as an in t e rmed ia t e  compound i n  t h e  cour se  of  t h e  t h e r -  
mal decomposition of sodium superoxide.  
The i n t e r i m  r e p o r t  p re sen ted  t h e  r e s u l t s  o f  s t u d i e s  of  t h e  syn- 
t h e s i s  and chemical c h a r a c t e r i z a t i o n  o f  a l k a l i  me ta l  supe rox ides ,  
w i th  p a r t i c u l a r  emphasis on calcilxn superoxide.  Calcium super-  
oxide i s  a t t r a c t i v e  as an a i r  r e v i t a l i z a t i o n  material because t h e  
c r u s t i n g  problem common t o  a l k a l i  metal superoxide-water  vapor  
r e a c t i o n s  i s  not encountered. However, because calcium superoxide 
cannot be p repa red  i n  s u f f i c i e n t l y  pure form and because of t h e  
complexi ty  of t h e  r e a c t i o n s  of t h i s  compound wi th  carbon d iox ide  
and wa te r  vapor ,  calcium superoxide i s  not  y e t  compe t i t i ve  w i t h  
a l k a l i  me ta l  superoxides .  It was concluded i n  t h e  i n t e r i m  r e p o r t ,  
t h e y e f o r e ,  t h a t  sodium and potassium superoxides  o f f e r e d  t h e  g r e a t e s t  
p o t e n t i a l  f o r  p r a c t i c a l  a p p l i c a t i o n s  a t  t h e  p r e s e n t  t ime.  
A s  an  a l t e r n a t i v e  t o  t h e  a l k a l i  me ta l  superoxide-water  vapor  
c a n i s t e r  r e a c t i o n  for back-pack t y p e  a p p l i c a t i o n s ,  an  i n v e s t i -  
g a t i o n  o f  t h e  thermal  decomposition c h a r a c t e r i s t i c s  o f  sodium 
superoxide and l i t h i u m  peroxide t o  produce oxygen was proposed. 
A r e a c t o r  t o  supply oxygen based on t h e  thermal  d e g r a d a t i o n  o f  t h e s e  
materials would not  r e q u i r e  water vapor ,  would be small ,  compact, 
e a s y  t o  c o n t r o l ,  and probably s u i t a b l e  f o r  "on-off t y p e  a p p l i c a t i o n s  
I n  a d d i t i o n ,  t h e  sodium o r  l i t h ium oxide p roduc t s  formed by t h e  
the rma l  decomposition of  t h e  corresponding superoxide a re , themse lves ,  
e x c e l l e n t  carbon d iox ide  scrubbers .  Thus a n  e f f i c i e n t  and r e l i a b l e  
1 
s p a c e - s u i t  back-pack u n i t  can be env i s ioned  which could o p e r a t e  
without  t h e  use  of water .  
From a n  eng inee r ing  p o i n t  o f  view, t h e  a l k a l i  me ta l  supe rox ides  
a r e  the rma l ly  s t a b l e ,  i. e .  , a t  normal o p e r a t i n g  t empera tu res ,  t h e  
d i s s o c i a t i o n  p r e s s u r e  of oxygen i s  extremely low f o r  t h e  conve r s ion  
o f  t h e  superoxide t o  t h e  oxide and oxygen. Neve r the l e s s ,  r ea sonab le  
temperatures  a r e  a t t a i n a b l e  a t  which t h e s e  decompositions w i l l  
occur  q u a n t i t a t i v e l y .  Potassium superoxide has  been r e p o r t e d  t o  
decompose t o  t h e  oxide and oxygen a t  about 280-3OO0C? 
hand, Shechter  and Shakely have noted t h a t  sodium superoxide i s  
"not t he rma l ly  s table  a t  1 0 0 ° C .  ' I  
t h e i r  e a r l y  s t u d i e s  i n d i c a t e  t h a t  t h e  r a t e  i s  ve ry  slow. P e t r o c e l l i  
h a s  shown t h a t  t h e  use of  p r e t r e a t m e n t  t echn iques  o r  t h e  use  of a 
s u i t a b l e  c a t a l y s t  can cause t h e  thermal  deg rada t ion  of potassium 
superoxide t o  proceed t o  completion a t  150°C. Thus, it was f e l t  
t h a t  s i m i l a r  t echn iques  would lower t h e  decomposition t empera tu res  
o f  sodium superoxide t o  a n  ope rab le  r eg ion .  
On t h e  o t h e r  
A t  t h i s  t empera tu re ,  however, 
4 
L i t h i u m  peroxide i s  a n o t h e r  a i r  r e v i t a l i z a t i o n  compound of  i n -  
t e r e s t  because it t o o  w i l l  decompose t h e r m a l l y  t o  t h e  oxide and 
oxygen. Markowitz has noted t h a t  t h e  decomposition occur s  a t  
300°C b u t  i s  dependent upon s u r f a c e  a r e a .  5 
A s tudy o f  the  the rma l  decomposition c h a r a c t e r i s t i c s  of sodium 
superoxide and sodium and l i t h i u m  pe rox ides  was undertaken to de- 
termine : 
1. t h e  t empera tu res  a t  which the  pure  compounds decompose 
t o  evolve oxygen, employing thermogravimetr ic  a n a l y s i s  
and d i f f e r e n t i a l  t he rma l  a n a l y s i s  t echn iques ;  
2. t h e  e f f e c t  of pre t r ea tmen t  of t h e  pure samples on t h e  
decoxpos i t i on  c h a r a c t e r i s t i c s ;  
3. t h e  e f f e c t  of c a t a l y s t s  on t h e  t empera tu res  of decom- 
p o s i t  ion;  
4. t h e  r a t e s  of  oxygen e v o l u t i o n  under  i s o t h e r m a l  condi-  




The r e s u l t s  of these s t u d i e s  are p r e s e n t e d  and d i scussed  i n  
t h i s  r e p o r t  a long wi th  a d d i t i o n a l  magnetic s u s c e p t i b i l i t y  d a t a  
for calcium superoxide which was ob ta ined  du r ing  t h e  extended 
work per iod .  
3 
2. RESULTS O F  E X P E R I M E N T A L  STUDIES 
2 .1  DIFFERENTIAL THERMAL ANALYSIS, THERMOGRAVIMETRY, AND 
2 .1 .1  I n t r o d u c t i o n  
DIFFERENTIAL THERMOGRAVIMETRY 
A number of a n a l y t i c a l  t echn iques  a r e  a v a i l a b l e  by which 
t h e  c h a r a c t e r i s t i c s  of a material  s u b j e c t e d  t o  uniform h e a t i n g  
r a t e s  may be examined. I n  t h i s  r e s e a r c h ,  t h r e e  complementary 
t echn iques  were employed i n  s tudy ing  t h e  the rma l  b e h a v i o r  of sodium 
superoxide,  l i t h i u m  pe rox ide  and sodium peroxide.  These methods 
were d i f f e r e n t i a l  t he rma l  a n a l y s i s  ( IYTA) ,  thermogravimetr ic  a n a l y s i s  
( T G A )  and d i f f e r e n t i a l  thermogravimetry (IYTG) . 
When a m a t e r i a l  i s  s u b j e c t e d  t o  a uniform h e a t i n g  r a t e ,  
t he rma l  g r a d i e n t s  a r e  e s t a b l i s h e d  w i t h i n  t h e  m a t e r i a l .  I f  t h e  
sample should undergo a chemical o r  p h y s i c a l  change wh i l e  be ing  
h e a t e d ,  t he  normal the rma l  g r a d i e n t s  a r e  a l t e r e d  and a measur- 
a b l e  change i n  t h e  h e a t  con ten t  of t h e  sample r e s u l t s .  These 
h e a t  changes a r e  t h e  basis f o r  t h e  d i f f e r e n t i a l  t he rma l  method. 
I n  IYTA, the  t e s t  sample i s  p l aced  i n  a h e a t i n g  b l o c k  a d j a c e n t  t o  
a n  i n e r t  r e f e rence  m a t e r i a l  such as alumina. The d i f f e r e n c e  i n  t h e  
temperatures  of t h e  sample and t h e  r e f e r e n c e  i s  t h e n  measured by 
means of a d i f f e r e n t i a l  thermocouple as t h e  two m a t e r i a l s  a r e  
s imultaneously hea ted .  If t h e  sample g i v e s  off h e a t  (as i n  c ry -  
s t a l l i z a t i o n )  or abso rbs  h e a t  (as i n  m e l t i n g ) ,  t h e n  a measurable 
d i f f e r e n c e  i n  t empera tu re  between t h e  sample and r e f e r e n c e  m a t e r i a l  
w i l l  occur. A p l o t  of t h i s  A t  v e r s u s  t empera tu re ,  T, i s  known as 
t h e  D T A  thermogram. 
The use of M ' A  methods a l lows  t h e  d e t e c t i o n  of a l l  t r a n s i -  
t i o n s  involving h e a t  changes which a sample undergoes under  the rma l  
a g i t a t i o n .  F u r t h e r ,  t h e  n a t u r e  of t h e  t r a n s i t i o n  ( i . e .  exothermic 
o r  endothermic) i s  a l s o  immediately known. Unless a d d i t i o n a l  i n -  
formation i s  a v a i l a b l e ,  however, it i s  d i f f i c u l t  t o  d i s t i n g u i s h  
4 
p h y s i c a l  changes, such as melt ing or s o l i d  phase t r a n s i t i o n s ,  from 
chemical changes, such as decomposition o r  o x i d a t i o n .  For t h i s  
r eason ,  IYTA data i s  most o f t e n  supplemented by some o t h e r  ana ly -  
t i c a l  t echn ique .  The most commonly employed complementary method 
i s  thermogravimetry.  Here t h e  changes i n  t h e  weight of a m a t e r i a l  
a r e  recorded as a f u n c t i o n  of t h e  temperature .  Combining t h e  two 
methods t h e n ,  i t  i s  p o s s i b l e  t o  d i s t i n g u i s h  chemical (we igh t )  changes 
from p h y s i c a l  t r a n s i t i o n s  and, t h e r e f o r e ,  t o  i d e n t i f y  t o  a g r e a t  
e x t e n t  t h e  n a t u r e  of t h e  p rocesses  induced i n  t h e  m a t e r i a l  by h e a t i n g .  
A t h i r d  method, employed t o  a l i m i t e d  e x t e n t  on ly  i n  t h i s  
work, was d i f f e r e n t i a l  thermogravimetry ( M ' G ) .  M ' G  data i s  de- 
r i v e d  from TGA r e s u l t s  and f u r n i s h e s  t h e  f i r s t  d e r i v a t i v e  of t h e  
TGA curve ( i . e .  dw/dt as a f u n c t i o n  of t h e  t empera tu re ,  t ) .  This  
method, t h e r e f o r e ,  p rov ides  in fo rma t ion  concerning t h e  rates of t h e  
p r o c e s s e s  occur r ing  a t  v a r i o u s  t empera tu res .  
2 .1 .2  Experimental  Program 
One of t h e  o b j e c t i v e s  of t h i s  e x t e n s i o n  was t h e  e v a l u a t i o n  
o f  t h e  e f f e c t s  of a number of m e t a l l i c  oxide c a t a l y s t s  on t h e  t h e r -  
m a l  s t a b i l i t y  of  sodium superoxide,  sodium pe rox ide ,  and l i t h i u m  
pe rox ide .  Because of t h e  l a r g e  number of t e s t s  r e q u i r e d  f o r  such 
a n  e v a l u a t i o n  program, i t  was necessa ry  t o  e s t a b l i s h  some method 
o f  s c r e e n i n g  t h e  v a r i o u s  systems and c o n d i t i o n s .  Th i s  was ac -  
complished acco rd ing  t o  t h e  scheme o u t l i n e d  i n  F igu re  1. A n  ap- 
p r o p r i a t e  c a t a l y s t  l e v e l  was f i r s t  e s t a b l i s h e d  by running DTA t h e r -  
mograms on sodium superoxide samples c o n t a i n i n g  t h r e e  d i f f e r e n t  l e v e l s  
o f  copper  oxide c a t a l y s t .  The thermograms were t h e n  compared wi th  
t h a t  of pure Na02. 
f e r e n c e  noted i n  t h e  cu rves ,  a 10% c a t a l y s t  c o n c e n t r a t i o n  was ar- 
b i t r a r i l y  s e l e c t e d  for t e s t i n g .  Using t h i s  c a t a l y s t  c o n c e n t r a t i o n ,  
a l a r g e  number of superoxide samples c o n t a i n i n g  d i f f e r e n t  m e t a l l i c  
o x i d e s  were prepared and analyzed, u s i n g  t h e  IYTA method. The ox ides  
e v a l u a t e d  a r e  l i s t e d  i n  Table I. 
Since i n  t h e  case  a t  hand t h e r e  was l i t t l e  d i f -  
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METAL OXIDES INVESTIGATED FOR CATALYTIC EFFECTS ON 
THE THERMAL DECOMPOSITION O F  SODIUM SUPEROXIDE 
Cuprous Oxide ( c u p )  
Vanadium Oxide w2o5 1 
Vanadium Oxide (~203 1 
Pal lad ium Oxide (PdO) 
Titanium Oxide (Ti02)  
Manganese Dioxide (m02) 
( Fe 3 04 ) 
S i l v e r  Oxide (Ag20) 
Nickel Oxide ( N i O )  
I r o n  Oxide ( ~ e 2 0 3 )  
I r o n  Oxide 
Cadmium Oxide ( C d O )  
Polymeric Copper Phthalocyanine (1) 
Polymeric Copper Phthalocyanine ( 2 )  
The two meta l lo-organic  compounds l i s t e d  were a l s o  i n v e s t i -  
ga t ed  as c a t a l y s t s  i n  t h i s  phase of  t h e  work. These polymeric cop- 
p e r  ph tha locyanines  were synthes ized  by t h e  condensat ion of py- 
6 r o m e l l i t i c  d ianhydr ide  wi th  urea,  b o r i c  a c i d  and cuprous ch lo r ide .  
Based on the LYTA r e s u l t s ,  t h e  systems were aga in  screened ,  
and s e l e c t e d  c a t a l y s t s  were sub jec t ed  t o  TGA and/or i so the rma l  
k i n e t i c  s t u d i e s .  
I n  a d d i t i o n  t o  eva lua t ing  t h e  above-mentioned c a t a l y s t s ,  a 
p o r t i o n  of  the e f f o r t  was devoted to a s tudy  of the c a t a l y t i c  e f f e c t s  
of absorbed water vapor  on t h e  thermal  s t a b i l i t y  of  sodium super -  
oxide.  Samples were exposed t o  100% humidi ty  f o r  va r ious  pe r iods  
of t i m e  and t h e n  analyzed by D T A .  A d i f f i c u l t y  which i n t e r f e r e d  
wi th  t h i s  approach was t h e  f a c t  t h a t  t h e  water abso rp t ion  occurred  
almost  e x c l u s i v e l y  on t h e  sample s u r f a c e ,  caus ing  a " c r u s t i n g "  of 
t h e  t o p  of t h e  sample. This  c r u s t i n g  prevented  t h e  w a t e r  from pene- 
t r a t i n g  i n t o  the sample and r e s u l t e d  i n  r e a c t i o n s  occur r ing  only  on 
the  su r face .  To overcome t h i s  d i f f i c u l t y ,  t h e  samples were thoroughly  
mixed a f t e r  exposure and p r i o r  t o  a n a l y s i s .  
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2.1.3 M a t e r i a l s  
The sodium superoxide used i n  t h i s  work was o b t a i n e d  from 
t h e  Mine Sa fe ty  Appliances Company, and was purpor t ed  t o  be of ea .  
98% p u r i t y .  Lithium peroxide was o b t a i n e d  i n  p u r i t i e s  of ea.  98% 
from t h e  Foote Mineral  Company; Sodium peroxide was a c e r t i f i e d  
A.C.S. grade chemical a s s a y i n g  a t  94.09%. M e t a l l i c  ox ides  were r e -  
agen t  g rade  chemicals and were used as s u p p l i e d  without  f u r t h e r  
p u r i f i c a t i o n  o r  t r ea tmen t  . 
The polymeric copper phthalocyanine c a t a l y s t s  were syn the -  
s i z e d  according t o  t h e  fo l lowing  procedure:  
Compound 1 : P y r o m e l l i t i c  d i anhydr ide  (5g. , 0.02M)., p h t h a l i c  
anhydride ( log. ,  0.07M), u r e a  (20g.,  0.33M), cuprous c h l o r i d e  ( l . 5 g . ,  
0.02M)yand c a t a l y t i c  amounts of b o r i c  a c i d  were i n t i m a t e l y  mixed 
and p l a c e d  i n  a g l a s s  p r e s s u r e  b o t t l e .  The d r y  mix tu re  was hea ted  
a t  200-220°C f o r  f i v e  hours .  
g reen -b lue  s o l i d  was removed, washed s u c c e s s i v e l y  wi th  l a r g e  volumes 
of water, ammonium hydroxide s o l u t i o n  (10% c o n e . ) ,  wa te r ,  d i l u t e  
hydroch lo r i c  a c i d ,  water, and was d r i e d .  The crude material was 
t r e a t e d  with dimethylformamide t o  s e p a r a t e  t h e  product  from any 
monomeric copper phthalocyanine which might have formed. The da rk  
b l u e  r e s i d u e  was i d e n t i f i e d  as a phthalocyanine by means of i n -  
6 
f r a r e d  and elemental  a n a l y s e s .  
A t  t h e  end of t h i s  t i m e ,  t h e  porous 
Compound 2: Th i s  m a t e r i a l  was p repa red  acco rd ing  t o  t h e  
above procedure w i t h  t h e  excep t ion  t h a t  p h t h a l i c  anhydride was 
omi t t ed  from t h e  r e a c t a n t  mixture .  The product  was g r e e n  and was 
s l i g h t l y  so lub le  i n  dimethylformamide. 
2.1.4 D T A  S tud ie s  
The d i f f e r e n t i a l  t he rma l  a n a l y s i s  d a t a  d e s c r i b e d  i n  t h i s  re- 
p o r t  were obtained u s i n g  a R.L. Stone a p p a r a t u s  model DTA-11M. The 
in s t rumen t  was equipped t o  provide a number of dynamic atmospheres 
i n  t h e  a n a l y s i s .  D r y  a i r ,  however, was chosen h e r e ,  because it was 
f e l t  t h a t  i t  was t h e  atmosphere which would be encountered i n  t h e  
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p r a c t i c a l  a p p l i c a t i o n  of t h e s e  superoxides.  The t empera tu re  p ro -  
gram rate was maintained a t  10 degrees p e r  minute and t h e  r e f e r e n c e  
material was Alundum. 
Because of t h e  hygroscopic n a t u r e  of t h e  materials s t u d i e d ,  
it was necessa ry  t o  take unusual p r e c a u t i o n s  when l o a d i n g  the  D T A  
sample h o l d e r  t o  prevent  contaminat ion of  t he  sample by atmospheric  
moi s tu re .  Th i s  was accomplished by f a s h i o n i n g  a p o r t a b l e  g love -  
bag ou t  of po lye thy lene .  The bag was p o s i t i o n e d  ove r  t h e  sample 
h o l d e r ,  a d e s i c c a n t  and t h e  sample t o  be analyzed were p laced  i n -  
side, and the e n t i r e  e n c l o s u r e  was sealed w i t h  adhes ive  t a p e .  
F igu re  2 i s  a schematic  d e s i g n  of the  fu rnace  assembly of t he  Stone 
a p p a r a t u s  and F igure  3 shows t h e  improvised dry-bag i n  p l a c e .  After 
t h e  sample h o l d e r  was loaded, the bag was removed. A t  the  end of 
each  run,  the  glove-bag was replaced,  and t h e  fu rnace ,  t h u s  enc losed ,  
was al lowed t o  coo l  i n  t h e  presence of t h e  d e s i c c a n t .  
2.1.5 Thermogravimetric Analysis 
I n  o r d e r  t o  c a r r y  ou t  t h e  TGA s t u d i e s ,  a Mettler au tomat i c  
b a l a n c e  was converted i n t o  a thermobalance. A h o l e  was d r i l l e d  
i n  t h e  bottom of  t h e  ba l ance ,  a c o n v e r t e r  a t tachment  was a d j o i n e d  
t o  t h e  bottom o f  t he  pan, and rhodium-plated j e w e l e r ' s  c h a i n  and 
sample h o l d e r  were a t t a c h e d .  The sample h o l d e r  was suspended i n  
a Hoskins e l e c t r i c  fu rnace  which was p laced  i n  a completely en-  
c l o s e d  chamber. The e n t i r e  chamber, t h e r e f o r e ,  could be purged wi th  
d ry  n i t r o g e n  p r i o r  t o  o p e r a t i o n .  A thermocouple was p laced  midway 
i n  t h e  oven and t h e  oven temperature  was i n c r e a s e d  a t  a uniform rate  
by means of a Leeds-Northrup Speedomax t empera tu re  programmer. A 
schematic  diagram o f  t h e  thermobalance i s  g iven  i n  F igu re  4. During 
o p e r a t i o n ,  t h e  t empera tu re  was recorded manually eve ry  two minutes  
by means of a po ten t iome te r .  
2.1.6 Simultaneous DTA-TGA and DTG 
Although DTA and TGA r e s u l t s  are complementary t echn iques ,  
i t  i s  no t  always p o s s i b l e  t o  o b t a i n  e x a c t  c o r r e l a t i o n s  of data i f  
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FIGURE 4 CONVERTED METTLER BALANCE 
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t h e  experiments a r e  performed on d i f f e r e n t  i n s t rumen t s .  For  t h i s  
reason,  it i s  d e s i r a b l e  t o  conduct s imultaneous DTA-TGA experiments .  
A few s e l e c t e d  samples, t h e r e f o r e ,  were submit ted t o  t h e  *Mettle?? 
Instruments  Laboratory i n  S t r g f a ,  Switzerland, for e v a l u a t i o n  on 
t h e i r  recording thermoanalyzer .  Th i s  i n s t rumen t  y i e l d s  D T A ,  TGA 
and DTG data s imul t aneous ly  under i d e n t i c a l  expe r imen ta l  c o n d i t i o n s .  
2.1.7 Resu l t s  of DTA S t u d i e s  
a. Pure Na02 
The DTAthermograms ob ta ined  i n  t h i s  phase of t h e  work a r e  
g iven  i n  Figures  5 th rough  13.  Examination of t h e  thermogram for 
pure  sodium superoxide (F igu re  5)  r e v e a l s  endotherms peaking a t  
150' and 1 7 5 O C ,  and a s t r o n g  endothermic peak a t  300°C. 
endotherms, commencing a t  t empera tu res  of ca.  12OoC, s u b s t a n t i a t e d  
p r e v i o u s l y  r e p o r t e d  Russian works which have s t a t e d  t h a t  N a 0 2  i s  
u n s t a b l e  at t empera tu res  of about 1 0 0 ° C ,  decomposing w i t h  t h e  evo- 
l u t i o n  of oxygen 7 j  '. 
at  300°C, can probably be a t t r i b u t e d  t o  t h e  decomposition of sodium 
superoxide t o  t h e  pe rox ide  v i a  t h e  r e a c t i o n :  
These 
The endotherm, beg inn ing  a t  270°C and peaking 
2Na02 = N a  2 2  0 + O2 (1) 
Vol'nov, however, h a s  r e p o r t e d  t h a t  t h i s  r e a c t i o n  t a k e s  p l a c e  
about 278OC. 
bu ted  t o  t h e  d i f f e r e n c e s  i n  t h e  program rates employed. I n  t h e  work 
a t  hand, a f a i r l y  r a p i d  program rate o f  10°/min. was used. 
i s  h i g h e r  t h a n  t h e  r a t e  employed by t h e  Russian i n v e s t i g a t o r s ?  
f a s t e r  r a t e  might be expected t o  r e s u l t  i n  h i g h e r  t r a n s i t i o n  tempera- 
t u r e s  because of a g r e a t e r  t he rma l  l a g  of the sample. Another f a c t o r  
which may have c o n t r i b u t e d  t o  t h e s e  h i g h e r  t e m p e r a t u r e s  was t h e  sta- 
t i c  atmosphere employed i n  t h e  lYTA runs.  Under t h e  c o n d i t i o n s  u t i l i z e d  
h e r e ,  t h e  oxygen produced i n  t h e  decomposition of t h e  superoxide may 
form a l a y e r  ove r  t h e  sample, t h u s  r e t a r d i n g  f u r t h e r  decomposition. 
Under similar c o n d i t i o n s  it h a s  been shown tha t  a material  which 
undergoes a r e a c t i o n  whose t empera tu re  i s  a f u n c t i o n  of O2 p r e s s u r e  
The h i g h e r  t empera tu res  recorded h e r e  may be a t t r i -  
This  
The 
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FIGURE 6 DTA THERMOGRAMS FOR SODIUM SUPEROXIDE 
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FIGURE 7 DTA THERMOGRAMS FOR SODIUM SUPEROXIDE CONTAINING 
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( o r  whatever vapor  i s  r e l e a s e d  by t h e  t e s t  m a t e r i a l )  g i v e s  a t h e r -  
mogram i n  which t h e  shape and t empera tu re  of t h e  peaks a r e  n o t i c a b l y  
a f f e c t e d  by expe r imen ta l  v a r i a b l e s  such as r a t e  of t empera tu re  r i s e ,  
sample packing, g r a i n  s i z e ,  e t c .  9 
It i s  i n t e r e s t i n g  t o  n o t e  tha t  Vol 'nov r e p o r t s  t h a t  t h e  t h e r -  
mogram of sodium superoxide d i s p l a y s  only two endotherms below 500°C: 
a t  145' and 278OC.' Our r e s u l t s ,  however, show t h r e e  peaks o c c u r r i n g  
a t  about 150, 170 and 3 0 O o C .  
thermograms o b t a i n e d  a t  an independent l a b o r a t o r y ,  a l though  t h e  tem- 
p e r a t u r e s  of occurrence were somewhat lower (See S e c t i o n  C . )  A p ro -  
bab le  exp lana t ion  i s  t h a t  t h e  samples t e s t e d  d i f f e r e d  i n  p u r i t y .  
Ana ly t i ca l  data have shown t h a t  t h e  sodium superoxide t e s t e d  i s  about 
84% pure.  
These t h r e e  peaks a l s o  appeared on 
b .  E f f e c t s  of M e t a l l i c  Oxide C a t a l y s t s  
Reference t o  F igu res  6 and 7 r e v e a l s  t h a t  t h e  m a j o r i t y  of 
t h e  c a t a l y s t s  t e s t e d  caused no major changes i n  t h e  IYTA thermogram 
of sodium superoxide.  S l i g h t  d i f f e r e n c e s  i n  t h e  p r o p o r t i o n  and re-! 
l a t i v e  shapes of  t h e  150° and 170' peaks can be noted i n  a few c a s e s  
(Fe304, CdO, Cu20 (2%) ) ,  b u t  no s h i f t  i n  t h e  t e m p e r a t u r e s  of t h e  
t r a n s i t i o n s  were noted. Except ions t o  t h i s  b e h a v i o r  a r e  manganese 
d i o x i d e ,  vanadiwn(V)oxide, v a n a d i m ( I I 1 ) o x i d e  and t h e  polymeric 
pythalocyanines .  Superoxide samples c o n t a i n i n g  t h e s e  c a t a l y s t s  d i d  
no t  d i s p l a y  t h e  u s u a l  endotherm a t  300°C. Rather ,  l a r g e  exothermic 
peaks were  observed a t  t h i s  t empera tu re  (F igu re  8 and 9 ) .  
c a t a l y z e d  by t h e  polymeric copper ph tha locyan ines  showed t h i s  s t r o n g  
exotherm, beginning as low as 20OOC. On t h e  basis of t h i s  a c t i v i t y ,  
t h e s e  c a t a l y s t s  were s e l e c t e d  for f u r t h e r  i n v e s t i g a t i o n .  The r e -  
s u l t s  of t hese  f u r t h e r  s t u d i e s  a r e  g i v e n  i n  a l a t e r  s e c t i o n .  
Samples 
e.  E f f e c t  of P r e c o n d i t i o n i n g  of Na02 
The IYTA thermograms ob ta ined  for samples of Na02, which were 
f i r s t  exposed t o  a 10% humid atmosphere,  a r e  g i v e n  i n  F igu re  10. 
Immediately obvious i s  t h e  s h a r p  exothermic peak a t  8 O o C .  
l a r  exothermic e f f e c t  i n  t h i s  t empera tu re  range has  been observed 
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w i t h  a number of peroxy hydra t e s  (M202 . H202) and h a s  been a t t r i -  
b u t e d  t o  the d i s s o c i a t i o n  o f  t he  c r y s t a l l i z e d  hydrogen peroxide 
The occurrence of t h i s  peak i n d i c a t e s  t h e  p r o b a b i l i t y  of a r e a c t i o n  
of t h e  Pollowlng type  t a k i n g  place upon wa te r  a b s o r p t i o n :  
2Na02 + XH20 = N a  2 2  0 .XH202 ( 2 )  
I n  t h i s  r ega rd ,  it should be noted t h a t  t h e  decompositicn temperature  
and indeed a n  endothermic peak occur s  i n  t h i s  t empera tu re  range on 
t h e  thermograms. 
o f  sodium peroxide d ihydrope rox ia t e  h a s  been r e p o r t e d  as 1 5 7 O C  1 2  , 
O f  p a r t i c u l a r  i n t e r e s t  i s  t h e  peak beginning a t  ea.  265OC, 
for it  i s  a t  t h i s  t empera tu re  t h a t  sodium superoxide c o n v e r t s  t o  
t h e  peroxide.  The thermogram o f  pure  Na02 (F igu re  5) shows t h i s  
peak a t  300°C while  w i th  t h e  p recond i t ioned  samples of  superoxide,  
a s h i f t  t o  lower t empera tu res  i s  observed. P recond i t ion ing  by ex- 
posu re  t o  h i g h  h u m i d i t i e s ,  t h e r e f o r e ,  may lower the decomposition 
t empera tu re  of  sodium superoxide s l i g h t l y .  
I n  s tudy ing  t h e  e f f e c t s  of  p r e c o n d i t i o n i n g  on t h e  thermal  
s t a b i l i t y ,  t h e  t i m e  of  exposure, t h e  r e l a t i v e  humidity,  and t h e  
exposed s u r f a c e  area must be c a r e f u l l y  noted. If t h e  sample i s  
exposed t o  t h e  atmosphere f o r  t o o  long, a whitening a t t r i b u t a b l e  
t o  the  formation o f  pe rox ides ,  hydroxides ,  o r  o t h e r  decomposition 
p r o d u c t s  i s  observed. 
t h e  tim'e p e r i o d  f o r  whitening t o  occur  was found t o  be about 12  
minu tes  when a watch g l a s s  con ta in ing  about  0.25 grams was p laced  
i n  t h e  humid chamber. With s h o r t e r  p e r i o d s  o f  exposure,  a caking 
of  t h e  sample was observed b u t  no whitening occurred.  O f  course 
w i t h  atmospheres c o n t a i n i n g  less t h a n  l o w  humidity l o n g e r  ex- 
posu re  p e r i o d s  would be t o l e r a b l e .  
Using 10% humid atmosphere and 80 mesh Na02, 
The e f f e c t  o f  exposure time on t h e  s t a b i l i t y  of  Na02 i s  
c l e a r l y  seen i n  F igu re  10. The sample exposed for 13 minutes  was 
n o t i c e a b l y  whitened and gave a ve ry  s t r o n g  endothermic t r o u g h  a t  
t empera tu res  g r e a t e r  t h a n  3 0 0 ° C  corresponding t o  complete d i s i n t e -  
g r a t i o n  of t h e  material. The sample exposed for on ly  10 minutes ,  
however, d i sp l ayed  no a c t i v i t y  a t  t h e s e  t empera tu res .  
d. Pure Na202 and Li202 
Although t h e  major  p a r t  o f  t h i s  e f f o r t  was c o n c e n t r a t e d  on 
t h e  thermal  p r o p e r t i e s  of sodium superoxide,  some work was devoted 
t o  t h e  decomposition of sodium and l i t h i u m  peroxides .  The D T A  
curve f o r  the pure N a  0 compound i s  g i v e n  i n  Figure 11. The t h e r -  
mogram shows a small endotherm a t  ea.  165' which may be t r a c e d  t o  
t h e  presence of  s m a l l  amounts o f  Na202-2H202 (decomposition p o i n t  
157°C)'!2 The curve i n d i c a t e s  t h a t  t h e  pe rox ide  beg ins  t o  decompose 
above 3 1 O o C .  Above 350' t h e  endotherm was u n c o n t r o l l a b l e ,  going 
completely o f f  t h e  c h a r t .  It has  been p r e v i o u s l y  r e p o r t e d  t h a t  
Na 0 decomposes wi th  t h e  l i b e r a t i o n  o f  oxygen between 311' and 
2 2  
2 2  
400' C!2 
The e f f e c t s  of a polymeric copper ph tha locyan ine  and man- 
ganese dioxide on t h e  s t a b i l i t y  of sodium peroxide can be seen  i n  
F i g u r e s  11 and 1 2 .  
t h e  f a m i l i a r  endotherm a t  e a .  165Oc, akd t h e n  d i s p l a y s  a s t r o n g ,  
s h a r p  exotherm fo l lowed  immediately by t h e  endothermic decomposition. 
T h i s  mixture ,  when h e a t e d  suddenly t o  250°C, d e t o n a t e d .  The pe rox ide  
appeared t o  o x i d i z e  t h e  o rgan ic  p o r t i o n  o f  t h e  ph tha locyan ine ,  
l e a v i n g  a copper s a l t  r e s i d u e .  
The Na202 - C u  ph tha locyan ine  thermogram shows 
The Na202-Mn02 mix tu re  a l s o  showed i n c r e a s e d  a c t i v i t y .  The 
curve d i s p l a y s  an exotherm a t  ea.  llO°C which i s  similar t o  peaks 
observed for t h e  decomposition of M202.XH202. Th i s  c a t a l y s t  a l s o  
caused a very s t r o n g  exothermic peak commencing a t  3 0 O o C .  
i n t e r e s t i n g  o b s e r v a t i o n  was t h a t  t h e  r e s i d u e  from t h i s  r e a c t i o n  
was b r i g h t  blue.  A p r e c i s e  e x p l a n a t i o n  for t h i s  phenomenon i s  not  
immediately a v a i l a b l e .  The c o l o r ,  however, may be due t o  t h e  for- 
mation of  compounds of g e n e p a l t y p e  Mn02.XH202. Another p o s s i b l e  
e x p l a n a t i o n  may be t h e  fo rma t ion  of Mn04- i o n  or even a pe rox ide  
of t h e  t y p e  €bo4. 
c o n t a c t  with a i r  t o  f o r m  a gas  and a wh i t e  r e s i d u e .  
An 
- 
The b l u e  m a t e r i a l  was u n s t a b l e ,  decomposing upon 
24 
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The DTA thermograms for pure  L i 2 0 2  and s e v e r a l  c a t a l y z e d  
samples a r e  g iven  i n  F igu re  13. The r e l a t i v e l y  simple cu rves  
d i s p l a y  a s l i g h t  exothermic bump a t  ea.  26OoC which has  been as- 
c r i b e d  by s e v e r a l  a u t h o r s  13y14y15 t o  a r e v e r s i b l e  polymorphous 
phase change. The endotherm corresponding t o  t h e  decomposition 
t o  t h e  oxide beg ins  s l i g h t l y  above 3OO0C. It i s  seen  t h a t  t h e  
c a t a l y s t s  employed (Mn02, V 0 CLPh) have l i t t l e  e f f e c t  on t h e  
thermograms. Only t h e  phthalocyanine c a t a l y s t  produced an ad- 
d i t i o n a l  peak, a s l i g h t  exotherm a t  ea.  3 8 0 ' ~ .  
2 3' 
Because t h e  decomposition t empera tu re  of  l i t h i u m  peroxide 
was s i g n i f i c a n t l y  h igh  ( S 3OO0C), and s i n c e  t h e  c a t a l y s t s  i n -  
v e s t i g a t e d  d i d  not  e f f e c t  a dec rease  i n  t h i s  t empera tu re ,  i s o -  
t he rma l  k i n e t i c  s t u d i e s  were not conducted on t h i s  m a t e r i a l .  
2.1.8. R e s u l t s  of Thermogravimetric S t u d i e s  (TGA) 
a. C a l i b r a t i o n  of Thermobalance 
Before conducting t h e  TGA s t u d i e s  on t h e  p e r t i n e n t  supe r -  
ox ide  compounds, t h e  thermobalance, p r e v i o u s l y  d e s c r i b e d ,  was 
c a l i b r a t e d  by performing a blank run wi th  an  empty sample pan. 
F igu re  1 4  shows t h e  thermal  c h a r a c t e r i s t i c s  of t h e  ba l ance  based 
on d a t a  ob ta ined  from t h i s  a n a l y s i s .  
The accuracy of t h e  recorded weight l o s s e s  was t h e n  checked 
b y  ana lyz ing  a sample of copper s u l f a t e  pen tahydra t e  (Figure 15 
shows t h e  TGA curve r e s u l t i n g  from t h i s  a n a l y s i s ) .  The recorded 
weight l o s s  of  27.88 i s  i n  c lose agreement wi th  t h e  t h e o r e t i c a l  
v a l u e  of 28.8% which corresponds t o  t h e  loss of f o u r  molecules of  
wa te r .  This  i s  i n  acco rd  with p rev ious  expe r imen ta l  work which 
has shown t h a t  t h e  f irst  four wate r  molecules  o f  CuS04.5H20 a r e  l o s t  
r e l a t i v e l y  e a s i l y  while  t h e  f i f t h ,  be ing  coord ina ted  t o  t h e  a n i o n  
i n s t e a d  of  t h e  me ta l ,  i s  l o s t  on ly  w i t h  d i f f i c u l t y  a t  h i g h e r  tempera- 
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b.  Analysis of Na02 
The TGA thermogram for sodium superoxide i s  shown i n  Figure 
16. The curve shows a small i n i t i a l  weight l o s s  beg inn ing  about 
12OoC, with t h e  p r i n c i p a l  decrease i n  weight beginning about 250°C 
and becoming q u i t e  r a p i d  a t  t empera tu res  of 290-300 C. 0 
A similar curve was ob ta ined  wi th  a c a t a l y z e d  sample of 
sodium superoxide c o n t a i n i n g  vanadium(V) and aluminum ox ides  
(F igu re  17) .  I n  t h e  p re sence  of t h e s e  c a t a l y s t s ,  however, t h e  
weight loss became ve ry  r a p i d  a t  a lower t empera tu re  ( >  2lOOC). 
Because of t h e  g radua l  onse t  of weight l o s s ,  i t  was d i f -  
f i c u l t  t o  determine t h e  i n i t i a l  temperature  a t  which t h e  samples 
s t a r t e d  t o  decompose. On t h i s  basis and because TGA work was so  
t ime consuming, i t  was decided t o  u t i l i z e  t h e  lYTA cu rves  t o  s e l e c t  
t h e  temperatures  a t  which k i n e t i c  s t u d i e s  were t o  be conducted. 
No f u r t h e r  TGA work, t h e r e f o r e ,  was c a r r i e d  out  i n  t h i s  r e sea rch .  
Add i t iona l  weight l o s s  cu rves ,  however, were o b t a i n e d  by t h e  
M e t t l e r  l a b o r a t o r i e s  and a r e  d i s c u s s e d  below. 
2.1.9 R e s u l t s  of Simultaneous M ' A  - T G A  and IYTG 
D i f f e r e n t i a l  t he rma l  a n a l y s i s ,  thermogravimetr ic  and d i f -  
f e r e n t i a l  thermogravimetr ic  curves  were o b t a i n e d  s imul t aneous ly  on 
s e v e r a l  s e l e c t e d  samples a t  t h e  M e t t l e r  Company's l a b o r a t o r i e s .  The 
a n a l y s e s  were performed u t i l i z i n g  t h e  M e t t l e r  r e c o r d i n g  vacuum t h e r -  
moanalyzer employing a program r a t e  of 4 p e r  minute.  Aluminum 
oxide was used as r e f e r e n c e  m a t e r i a l  and t h e  atmosphere was d r y  a i r ,  
a t  a flow r a t e  o f  5.7 l i t e r s  p e r  hour.  
0 
The f o u r  samples which were s e l e c t e d  f o r  s t u d y  were pure 
Na02, Na02 c o n t a i n i n g  1% cuprous oxide c a t a l y s t ,  pure  l i t h i u m  p e r -  
oxide,  and l i t h i u m  pe rox ide  c o n t a i n i n g  1% cuprous oxide c a t a l y s t .  
F igu res  18 through 21 r e p r e s e n t  t h e  thermograms r e p o r t e d  by t h e  
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FIGURE 21 SIMULTANEOUS DTA - TGA-DTG FOR Li20; I%C%O 
a. Na02 and Na02 - Cu20 (1s) 
The IYTA thermogram f o r  Na02(Figure 18) shows t h r e e  p r i n c i p a l  
endothermic peaks a t  ca. 1-35', 150°, and 285 '~.  
t h e  weight l o s s  curve (TG-1) e x h i b i t s  on ly  a s l i g h t  dec rease  i n  
weight a t  t empera tu res  lower than  2OO0C, w i t h  t h e  p r i n c i p a l  b r e a k  
i n  t h e  curve occur r ing  i n  t h e  250°C range. 
g r a v i m e t r i c  curve (TG-2 = 10xTG-1) shows t h i s  b r e a k  more c l e a r l y .  
From t h e s e  cu rves  it may be concluded t h a t  t h e  p r i n c i p a l  decom- 
p o s i t i o n  of  sodium superoxide i n v o l v i n g  t h e  p roduc t ion  o f  oxygen 
(weight l o s s )  does not occur  a t  a meaningful r a t e  u n t i l  t empera tu res  
n e a r  250°C a r e  a t t a i n e d .  
A t  t n e  same t i m e ,  
The expanded thermo- 
The cu rves  f o r  t h e  sodium superoxide-cuprous oxide sample 
(F igu re  19) d i s p l a y  i d e n t i c a l  peaks on t h e  DTA curve and a similar 
b r e a k  on t h e  TGA thermogram. It i s  noted,  however, t h a t  t h e  b r e a k  
i n  t h e  TGA curve f o r  t h e  ca t a lyzed  sample i s  a l i t t l e  s h a r p e r  t h a n  
t h a t  of  t h e  pure sample. Since t h e  DTA peaks f o r  t h e  copper con- 
t a i n i n g  sample co inc ide  e x a c t l y  wi th  t h o s e  of pu re  sodium super-  
o x i d e ,  it would seem that t h i s  c a t a l y s t  h a s  no e f f e c t  on t h e  de-  
composition temperature .  
Examination of  t h e  DTG cu rves  f o r  the two samples r e v e a l  
s h a r p  peaks i n  b o t h  c a s e s  a t  ca.  285Oc. 
t h e  peak l e n g t h  r e p r e s e n t s  a maximum weight l o s s  ra te  of 15.5 
mg/min, whi le  with t h e  ca t a lyzed  m a t e r i a l  t h e  r a t e  i n d i c a t e d  i s  
19.0 mg/min. It appea r s ,  t h e r e f o r e ,  t h a t  t h e  a d d i t i o n  o f  cuprous 
o x i d e  may cause a s l i g h t  i n c r e a s e  i n  t h e  ra te  of decomposition 
even though t h e  decomposition temperature  does not  appea r  t o  be 
a f f e c t e d .  
With t h e  pu re  sample, 
These s imultaneous ana lyses  were c a r r i e d  ou t  t o  a t empera tu re  
o f  400°C, a t  which time t h e  furnace was t u r n e d  o f f  and t h e  coo l ing  
cu rves  were t r a c e d  from 400 t o  room temperature .  It i s  i n t e r e s t i n g  
t o  n o t e  t h a t  t h e  DTA c o o l i n g  curve f o r  Na02 d i s p l a y s  a s t r o n g  exo- 
therm at  about 26Ooc while no comparable weight change i s  recorded 
0 
39 
a t  t h i s  temperature  on t h e  TGA c o o l i n g  curve (TG-1 o r  TG-2). 
exothermic peak probably r e p r e s e n t s  t h e  r e v e r s e  of an  endothermic 
p r o c e s s  which appeared a t  2 8 5 ' ~  on t h e  h e a t i n g  curve.  I ts  p r e -  
sence,  t h e r e f o r e ,  i n d i c a t e s  t h e  occurrence o f  a r e v e r s i b l e  phy- 
s i c a l  t r a n s i t i o n .  It i s  remembered, however, t h a t  t h e  endotherm 
a t  285 C on t h e  h e a t i n g  curve h a s  been a t t r i b u t e d  t o  t h e  decom- 
p o s i t i o n  of  sodium superoxide t o  sodium pe rox ide  and oxygen (an 
i r r e v e r s i b l e  chemical change).  
on coo l ing ,  t h e r e f o r e ,  i n d i c a t e s  t h a t  e i t h e r  t h e  product formed 
i n  t h e  decomposition of t h e  superoxide (sodium p e r o x i d e ) ,  o r  t h e  
r e s i d u a l  sodium superoxide must undergo a r e v e r s i b l e  phase t r a n s i -  
t i o n  i n  t h e  250-285OC tempera tu re  range. 
be p o i n t e d  out t h a t  t h e  compound N a 2 0 2 . H 2 0  h a s  been r e p o r t e d  t o  
m e l t  a t  285Oc. T r a c e  amounts of water p r e s e n t  i n  t h e  o r i g i n a l  
superoxide sample could account for t h e  fo rma t ion  of t h i s  com- 
pound and hence t h e  appearance of  t h e  exotherm on c o o l i n g  ( v i a  c ry -  
s t a l l i z a t i o n ) .  
therm a t  285OC. 
T h i s  
0 
The appearance of t h e  exotherm 
I n  t h i s  r ega rd ,  it should 
The D T A  curve for N a 2 0 2  shows on ly  a minor endo- 
b. Li202 
The thermograms ob ta ined  for Li202 and Li20/Cu20 systems 
were much s impler  t h a n  t h o s e  ob ta ined  wi th  t h e  superoxide.  The 
IYTA curve for t h e  pu re  Li20g(Figure 20) shows a s i n g l e  endotherm 
beginning a t  ca.  3OO0C, which corresponds t o  t h e  decomposition t o  
l i t h i u m  oxide. 
I 
The thermogravimetr ic  curves  (TG-1 and TG-2) show t h e  weight 
From t h e  l e n g t h  l o s s  occur r ing  s imul t aneous ly  a t  t h i s  t empera tu re .  
of  t h e  IYTG peak, o c c u r r i n g  a t  3 4 O o C ,  a m a x i m u m  weight l o s s  ra te  of 
6.0 mg/min was c a l c u l a t e d .  
The small  exothermic bump o c c u r r i n g  about  245OC has  been 
noted by o t h e r  i n v e s t i g a t o r s  and i t s  o r i g i n  i s  s t i l l  q u e s t i o n a b l e .  
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It i s  s e e n  that  no weight loss  occur s  a t  t h i s  p o i n t  and that  t h e  
break i s  no t  r e v e r s i b l e  on t h e  coo l ing .  The source  of  the exo- 
therm t h e n ,  must be some i r r e v e r s i b l e ,  p h y s i c a l  t r a n s i t i o n .  
Markowitz has suggested t h e  peak may r e p r e s e n t  t h e  c r y s t a l l i z a t i o n  
o f  small amounts of amorphous lithium peroxide:7 while  o t h e r  i n -  
v e s t i g a t o r s  have suggested a n  i r r e v e r s i b l e  a- B c r y s t a l l o g r a p h i c  
t r a n s i t i o n  13 . The ques t ion ,  however, has  n o t  y e t  been r e s o l v e d .  
Simultaneous DTA-TGA a n a l y s i s  on the Li202-Cu20 system y i e l d e d  
thermograms i d e n t i c a l  t o  t h o s e  ob ta ined  wi th  pu re  l i t h ium peroxide.  
No d i f f e r e n c e s  could be de t ec t ed  i n  the  t empera tu re  or ra te  of  de- 
composition (F igu re  21). 
2 .2  ISOTHERMAL K I N E T I C  STUDIES 
.2.2.1 I n t r o d u c t i o n  
The thermal  decomposition of sodium superoxide i s  cons ide red  
t o  proceed v i a  a two s t e p  process  as i l l u s t r a t e d  by the fo l lowing  
r e a c t i o n s  : 
2Na02 L. Na 2 2  0 + .02 (4 )  
Na202 - Na20 + 1/202 (5) 
I f  t h e  decomposition proceeds completely t o  t h e  ox ide ,  0.75 
mole o f  oxygen i s  formed f o r  every mole of  Na02. If, on the  o t h e r  
hand, the decomposition s t o p s  at the pe rox ide  s t e p ,  on ly  0.50 mole 
of oxygen would be ob ta ined  p e r  mole of  sodium superoxide under 
idea l  c o n d i t i o n s .  It i s  important t o  no te ,  t h e r e f o r e ,  that  the 
t empera tu res  a t  which each o f  t h e  r e a c t i o n s  proceeds are q u i t e  
d i f f e r e n t .  %dim superoxide i s  r e p o r t e d  t o  conve r t  t o  t he  p e r -  
ox ide  a t  250 C y  while t h e  oxide i s  not  formed i n  a p p r e c i a b l e  
q u a n t i t i e s  from the peroxide u n t i l  t empera tu res  i n  excess  of  35OoC 
are a t t a ined? '2  
sodium superoxide,  t hen ,  it i s  important t h a t  the chosen m a t e r i a l s  
be e f f e c t i v e  no t  on ly  i n  f a c i l i t a t i n g  t he  conversion o f  superoxide 
0 8  
I n  s e l e c t i n g  c a t a l y s t s  f o r  t he  decomposition of  
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t o  peroxide,  but  a l s o  i n  a c c e l e r a t i n g  t h e  peroxide-oxide t r a n s i t i o n .  
I n  o r d e r  t o  produce t h e  maximum amount of oxygen p e r  mole of supe r -  
oxide,  both r e a c t i o n s  must proceed. 
2.2.2 Experimental Program 
Based on t h e  fo rego ing  lYTA d a t a ,  a number of c a t a l y s t  systems 
were chosen f o r  i so the rma l  r a t e  s t u d i e s .  K i n e t i c  data were t h e n  
gene ra t ed  f o r  samples of  pure sodium superoxide and sodium peroxide 
and f o r  samples of b o t h  m a t e r i a l s  c o n t a i n i n g  a number of t h e s e  c a t -  
a l y s t  s. 
Since t h e  s imultaneous M ' A - T G A  p l o t s  f o r  sodium superoxide 
d i s p l a y e d  concurrent  a c t i v i t y  i n  t h e  160-170° t empera tu re  range, 
t h e  i n i t i a l  t empera tu re  f o r  i n v e s t i g a t i o n  was set  a t  1 6 O o C .  
second temperature  of 250°C was a l s o  s e l e c t e d  f o r  s t u d y  because 
T G A  data had shown t h a t  t h e  major weight l o s s  w i th  sodium super-  
oxide began a t  t h i s  t empera tu re .  
A 
I n  t h e  case  of  sodium pe rox ide ,  a l l  s t u d i e s  were c a r r i e d  
ou t  a t  250°C s i n c e  l i t t l e  o r  no a c t i v i t y  was noted below t h i s  
temperature  on t h e  M ' A  thermograms. 
The a p p a r a t u s  u t i l i z e d  f o r  t h e s e  s t u d i e s  was t h e  same as 
17 t h a t  employed f o r  t h e  the rma l  decomposition of potassium ozonide , 
and i s  shown i n  F igu re  22. 
was maintained by means of  a n  o i l  ba th .  For  t h e  runs conducted a t  
250°C, however, a s l i g h t  a l t e r a t i o n  was made i n  t h e  expe r imen ta l  
s e t  up. A r e a c t i o n  t u b e  was made by removing t h e  s i d e  arm from 
t h e  o r i g i n a l  appa ra tus .  The t u b e  was i n s e r t e d  i n  a n  oven and t h e  
temperature  of t h e  oven was maintained a t  250°C by means of a Leeds- 
Northrup temperature  programmer. This  a p p a r a t u s  i s  shown i n  
F igu re  23. 
A t  t h e  1 6 O o C  l e v e l ,  t h e  t empera tu re  
The procedure was t o  b r i n g  t h e  r e a c t i o n  v e s s e l  t o  t e s t  tempera- 
t u r e ,  purge t h e  system wi th  n i t r o g e n ,  and drop t h e  sample i n t o  t h e  
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THE DECOMPOSITION OF SODIUM SUPEROXIDE AT 160°C 
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t u b e  by means of a long wire. The course of  t h e  r e a c t i o n  was t h e n  
fol lowed by measuring t h e  volume of oxygen gene ra t ed  by means of 
a g a s  b u r e t t e .  
A t  t h e  end of each r u n t h e  sample v i a l  was removed from t h e  
r e a c t i o n  che.mber and cooled t o  room temperature .  




The thermal  decomposition product  was f u r t h e r  analyzed t o  
determine t h e  amounts of  sodium peroxide and sodium oxide remaining. 
Th i s  was accomplished by a s tandard permanganate t i t r a t i o n  and de- 
t e r m i n a t i o n  of  t h e  t o t a l  base c o n t e n t .  F i n a l l y ,  t h e  ca rbona te  
c o n t e n t  of t h e  r e s i d u e  was found by absorbing t h e  carbon d i o x i d e  
g e n e r a t e d  from t h e  sample using a n  A s c a r i t e  abso rben t .  
2 .2 .3  R e s u l t s  of K i n e t i c  S tud ie s  of The I so the rma l  Decomposition 
of Sodium Superoxide 
The a n a l y t i c a l  d a t a  obtained from t h e  i s o t h e r m a l  decompo- 
s i t i o n  of sodium superoxide i n  combination wi th  v a r i o u s  c a t a l y s t s  
are summarized i n  Tables  I1 and 111. Analyses were performed on t h e  
samples p r i o r  to t he rma l  deg rada t ion  and on t h e  product  formed i n  
t h e  decomposition p rocess .  
The d a t a  show t h a t  a t  both 160° and 250°C t h e  p r i n c i p a l  
p roduc t  of t h e  decomposition of pure sodium superoxide i s  sodium 
pe rox ide .  Some decomposition of t h e  peroxide t o  form sodium 
o x i d e ,  however, can be seen  a t  b o t h  temperature  l e v e l s .  The e f f e c t  
of temperature  on t h e  decomposition p rocess  i s  d r a m a t i c a l l y  e v i d e n t :  
49.6% of t h e  superoxide i s  decomposed i n  149 hours a t  160°C while  
90.47% of t h e  superoxide i s  decomposed i n  o n l y  3 hours a t  250°C. 
2.2.4 
a. S t u d i e s  a t  160OC. 
E f f e c t  of C a t a l y s t s  On The Decomposition O f  Sodium Superoxide - _  
The e f f e c t  of m e t a l l i c  oxide c a t a l y s t s  on 
composition o f  sodium superoxide a t  1 6 O o C  can be 
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of t h e  d a t a  compiled i n  Table 11. The p e r c e n t  decompositions for 
b o t h  sodium superoxide and sodium pe rox ide  are t a b u l a t e d  f o r  each 
o f  t h e  c a t a l y z e d  mixtures .  I n  computing t h e  va lue  of t h e  l a t t e r ,  
t h e  amount of Na202 formed i n  t h e  decomposition of t h e  superoxide,  
p l u s  t h e  amount b f  Na202 o r i g i n a l l y  p r e s e n t ,  were take,i  t o g e t h e r  
as t h e  i n i t i a l  peroxide c o n c e n t r a t i o n .  
Of t h e  c a t a l y s t s  i n v e s t i g a t e d ,  t h e  two vanadium ox ides  ap- 
peared t o  a c c e l e r a t e  t h e  decomposition of superoxide,  while  t h r e e  
of t h e  compounds (manganese d i o x i d e ,  aluminum oxide and copper 
polyphthalocyanine)  a c t u a l l y  seemed to re ta rd  t h e  decomposition 
p rocess .  With t h e s e  l a t t e r  materials, less  decomposition was noted 
wi th  t h e  c a t a l y z e d  samples t h a n  wi th  pure sodium supe rox ide .  
I n  t h e  case of t h e  vanadium c a t a l y s t s ,  the lower o x i d e ,  
V2p3,  e f f e c t e d  a h ighe r  p e r c e n t  decomposition, no t  on ly  of supe r -  
o x i d e , b u t  a l s o  of pe rox ide .  Wi th  t h i s  c a t a l y s t ,  t h e r e f o r e  , t h e  
decomposition r e a c t i o n  proceeds t o  t h e  ox ide  t o  a s i g n i f i c a n t  ex- 
t e n t .  The pen tava len t  vanadium ox ide ,  V205, on t h e  o t h e r  hand, 
r e s u l t e d  mainly i n  the  formation o f  sodium pe rox ide  w i t h  v e r y  
l i t t l e  decomposition t o  t h e  oxide being no ted .  On t h e  b a s i s  of 
t h i s  d a t a ,  t h e r e f o r e ,  and a t  t h i s  t empera tu re ,  vanadium(II1)  
oxide appea r s  t o  be the  most e f f e c t i v e  c a t a l y s t  for g e n e r a t i n g  
oxygen by t h e  thermal decomposition of  sodium supe rox ide .  
It i s  i n t e r e s t i n g  t o  note  t h a t  manganese d i o x i d e  and ,  t o  
a l e s s e r  e x t e n t ,  t h e  phthalocyanine c a t a l y s t ,  a l t hough  showing 
decreased a c t i v i t y  i n  decomposing supe rox ide ,  n e v e r t h e l e s s  d i s -  
played e x c e p t i o n a l  a b i l i t y  i n  f a c i l i t a t i n g  t h e  decomposition of 
sodium peroxide t o  sodium ox ide .  Thus ,  d e s p i t e  t he  s m a l l e r  amount 
o f  superoxide decomposition, t h e s e  c a t a l y s t s  m u s t  be cons ide red  
among t h e  more a c t i v e  because o f  t h e  e x t e n t  to which the  decompo- 
s i t i o n  r e a c t i o n  goes t o  completion ( i . e .  to t he  o x i d e ) .  I n  con- 
t r a s t ,  t he  aluminum oxide c a t a l y s t  a p p a r e n t l y  i n h i b i t s  both t h e  
superoxide and peroxide decompositions.  
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It should be po in ted  out ,  t h a t  two o f  t h e  c a t a l y t i c  m a t e r i a l s ,  
t h e  polyphthalocyanine and vanadium ( V )  o x i d e ,  were a l l o w d  t o  r e -  
a c t  f o r  on ly  30 hours  while the decompositions of t h e  o t h e r  samples 
were conducted for a t  l e a s t  120 hours Comparison o f  t h e  r e s u l t s  
ob ta ined  w i t h  t h e s e  two m a t e r i a l s ,  t h e r e f o r e ,  may not  be v a l i d .  
The k i n e t i c  curves  i l l u s t r a t i n g  the volumes of oxygen pro- 
duced by t h e  above mentioned systems a s  a f u n c t i o n  of time a r e  g iven  
i n  F igu res  24 through 29. It i s  noted t h a t  on t h e  b a s i s  of the 
volume of oxygen produced p e r  gram of Na02, t h e  c a t a l y s t s  i n  o r d e r  
of e f f e c t i v e n e s s  a r e :  V203 > V205 > Mn02 > CuPh. The r a t e  
c o n s t a n t s  , determined by ccns truc t i n g  t angen t s  t o  t h e  curves  a t  
s e l e c t e d  p o i n t s ,  a r e  n e a r l y  equal ( k l a o . 5 ;  K ~0.21) a t  t h i s  tm- 
p e r a t u r e .  Because of t he  small  degree of conversion of supe r -  
ox ide  o c c u r r i n g  a t  16ooc w i t h  a l l  o f  t he  systems t e s t e d ( c a . 5 0 $  
conversion i n  > 100 h o u r s ) ,  f u r t h e r  work a t  t h i s  temperature  
was d i scon t inued  and a t t e n t i o n  was focused on h i g h e r  r e a c t i o n  
tempera t u r e s .  
2 
b .  I s o t h e r m a l  S t u d i e s  a t  25OoC 
The a n a l y t i c a l  d a t a  obtained form t h e  decomposition o f  
sodium superoxide a t  25OoC a r e  compiled i n  Table 111. Immediately 
obvious i s  t h e  d rama t i c  i nc rease  1.n tne  r a t e  of t h e  decomposition 
a t  t h e  h i g h e r  t empera tu re .  
composi t ions of 35-50% were r e a l i z e d  on ly  a f t e r  more than  100 
hours  of  r e a c t i o n ;  
composed i n  2-3 hours .  I n  l i g h t  of t h i s  i n c r e a s e d  a c t i v i t y ,  i t  
i s  unusual t o  n o t e  t h a t ,  based on t h e  p e r c e n t  decomposition g iven  
i n  Table 111, a l l  o f  t he  c a t a l y s t s  t e s t e d  appeared to i n h i b i t  t he  
decomposition of sodium superoxide.  I n  c o n t r a s t ,  the  decomposition 
o f  sodium pe rox ide  appeared t o  be enhanced by t h e  p re sence  of t he  
c a t a l y s t s .  Again the manganese d iox ide  and copper polyphthalocyanine 
c a t a l y s t  showed e x c e p t i o n a l  a b i l i t y  i n  f a c i l i t a t i n g  the decompo- 
s i t i o n  of  pe rox ide  t o  the  oxide. I n  the  case  o f  t he  ph tha locyan ine ,  
A t  t he  16ooc l e v e l ,  superoxide de- 
a t  25OoC, 80-90% of the  superoxide was de- 
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moreover, the superoxide decomposition was on ly  s l i g h t l y  l e s s  than 
t h a t  o f  the pure sodium supe rox ide .  I n t e r e s t i n g l y  enough, t h e  
two vanadium ox ides  which d i sp layed  the  h i g h e s t  superoxide decom- 
p o s i t i o n s  a t  16ooc., r e s u l t e d  i n  t h e  lowest  conve r s ion  a t  2 5 O o C .  
I n  seeking an  e x p l a n a t i o n  o f  t he  i n h i b i t o r y  a c t i o n  of t h e s e  
ox ides  a t  25OoC,  i t  i s  r e c a l l e d  t h a t  s t r o n g  exotherms 
se rved  on the DTA thermograms (F igu res  8 and 9 )  of t h e s e  c a t a l y z e d  
systems i n  the temperature  range i n  p o i n t .  It i s  p o s s i b l e ,  t h e r e -  
f o r e ,  t h a t  a t  t he  h i g h e r  temperature  an exothermic r e a c t i o n  may 
t ake  p l a c e  between the  me ta l  ox ide  and sodium superoxide t o  form 
a complex of t h e  type Na02.MxOy. 
such an  adduct might be expected t o  proceed a t  a s lower r a t e  t han  
t h a t  of t he  uncomplexed supe rox ide ,  t h u s  r e s u l t i n g  i n  a lower pe r -  
c e n t  decomposition being recorded w i t h  t h e  ox ide  c a t a l y s t .  
were ob- 
The thermal  decomposition of 
I n  a d d i t i o n  t o  t h e  DTA d a t a ,  o t h e r  evidence f o r  r e a c t i o n  
(and/or t he  formation of such complexes) under the  c o n d i t i o n s  
employed here was t h e  development o f  t h e  d a r k  b l u e  c o l o r  en- 
countered with t h e  Na02-Mn02 system. S t i l l  f u r t h e r ,  a number 
o f  a u t h o r s  have r e p o r t e d  the  fo rma t ion  o f  complexes of g e n e r a l  
12 type  M 0 2 .  MxOy under s i m i l a r  c o n d i t i o n s .  
I n  a t t empt ing  t o  a s s e s s  the  r e l a t i v e  va lue  o f  t h e  c a t a l y s t s  
examined i n  t h i s  r e s e a r c h ,  i t  i s  n o t  s u f f i c i e n t  to c o n s i d e r  on ly  
t h e  d a t a  concerning t h e  e x t e n t  of supe rox ide  and pe rox ide  decom- 
p o s i t i o n .  Rather ,  t h e  g o a l  o f  t h i s  work--to u t i l i z e  the  thermal  
decomposition p rocess  o f  s o l i d  supe rox ides  f o r  t h e  c o n t r o l l e d  , 
e f f i c i e n t  gene ra t ion  of oxygen gas--must be borne i n  mind. The 
r e a l  c r i t e r i o n  f o r  judging c a t a l y s t  worth,  t h e r e f o r e ,  i s  the  a c t u a l  
y i e l d  o f  oxygen and t h e  r a t e  a t  which t h e  gas  i s  produced. The 
d a t a  i n  Table I V  r e p r e s e n t  g r a v i m e t r i c  and vo lumet r i c  r e s u l t s  of t h e  
amounts o f  oxygen produced by t h e  v a r i o u s  c a t a l y z e d  samples.  Good 
agreement i s  noted between the  g r a v i m e t r i c  and vo lumet r i c  de termina- 
t i o n  of oxygen y i e l d s  i n  a l l  c a s e s  e x c e p t  one.  With t h e  copper 
polyphthalocyanine c a t a l y s t  , a p e r c e n t  conve r s ion  to oxygen of n e a r l y  
56 
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100% i s  observed based on the  g r a v i m e t r i c  d a t a ,  while t h e  vo lumet r i c  
d a t a  i n d i c a t e s  a conversion of o n l y  56.976. 
a r e  obviously i n  e r r o r  s i n c e  t h e  a n a l y t i c a l  d a t a  (Table 111) have 
shown t h a t  on ly  a n  88.0 p e r c e n t  decompostion of superoxide i s  
achieved w i t h  t h i s  c a t a l y s t .  A p l a u s i b l e  e x p l a n a t i o n  f o r  t h e  ab- 
normally l a r g e  weight l o s s  observed is  t h a t  t h e  c a t a l y s t  i t s e l f  
e n t e r e d  i n t o  t h e  r e a c t i o n .  The ph tha locyan ine  polymer i s  a v e r y  
l a r g e  organic  molecule which i n  a l l  p r o b a b i l i t y  c o n t a i n s  o x i d i -  
z a b l e  s i t e s  ( e . g .  s i d e  g roups ) .  It i s  e n t i r e l y  conce ivab le ,  
t h e r e f o r e ,  t h a t  a t  t h i s  high temperature  (25OoC), and i n  t h e  p re -  
sence o f  such a powerful o x i d i z i n g  a g e n t ,  some o x i d a t i o n  might 
t ake  p l ace .  It i s  more d i f f i c u l t  t o  e x p l a i n  why the  vo lumet r i c  
r e su l t s  a r e  no t  a l s o  abnormally h igh ,  i n  a s  much a s  any o x i d a t i o n  
might be expected t o  r e s u l t  i n  t h e  p roduc t ion  o f  v o l a t i l e  m a t e r i a l s .  
It i s  r e c a l l e d ,  however, t h a t  t he  f l u i d  i n  t h e  gas b u r r e t t e  i s  an 
o r g a n i c  e s t e r  ( d i b u t y l  p h t h a l a t e ) .  I f  t h e  p roduc t s  of t he  o x i d a t i o n  
were low molecular  weight o rgan ic  compounds, some s o l u b i l i t y  i n  
d i b u t y l  p h t h a l a t e  might be expected,  and t h u s  l i t t l e  change i n  t h e  
volumetr ic  r e s u l c s  would occur .  The o n l y  otl .er  e x p l a n a t i o n  for 
t h e  anomalous d a t a  ob ta ined  wi th  t h e  ph tha locyan ine  i s  e x p e r i -  
mental  e r r o r .  
The g r a v i m e t r i c  r e s u l t s  
There i s  a p o s s i b i l i t y  t h a t  t he  r e s u l t s  r e p o r t e d  f o r  t h e  
manganese d i o x i d e  c a t a l y z e d  sample may be somewhat low i n  l i g h t  
o f  t he  high conversion of both supe rox ide  and pe rox ide  p r e v i o u s l y  
observed w i t h  t h i s  c a t a l y s t  (Tab le  111). It has t o  be re- 
c a l l e d  t h a t  a t  abou t  25OoC 
i n  t he  formation of a b lue -co lo red  p roduc t .  I f  t h e  s t a b i l i t y  of 
t h i s  product  i s  such t h a t  i t  decomposes more s lowly  than  t h e  un- 
complexed supe rox ide ,  then both t h e  weight  loss and the  volume of 
oxygen produced would be dec reased .  Perhaps t h i s  c a t a l y s t  would 
be more e f f e c t i v e  a t  temperatures  s l i g h t l y  below 25OoC where no 
c o l o r  development (hence r e a c t i o n )  h a s  been observed.  
a r e a c t i o n  was observed which r e s u l t e d  
Since,  i n  a d d i t i o n  t o  t h e  y i e l d  o f  oxygen, t h e  r a t e  of gas 
e v o l u t i o n  i s  a l s o  a n  impor t an t  v a r i a b l e ,  t h e  k i n e t i c  curves  and 
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f i r s t  o r d e r  r a t e  p l o t s  for the systems s t u d i e d  have been p repa red  
( F i g u r e s 3 0  through 40).  The d a t a  t aken  from t h e s e  p l o t s  a r e  sum- 
marized i n  Table V. It i s  seen t h a t  t h e  r e a c t i o n s  wi th  a l l  sys -  
tems were e s s e n t i a l l y  o v e r  i n  t h r e e  hours .  It  i s  i n t e r e s t i n g  t o  
n o t e  t h a t  t h e  ph tha locyan ine  c a t a l y z e d  sample, a l though  i t  pro- 
duced t h e  smallest volume of oxygen p e r  gram of superoxide,  gave 
the  most r a p i d  r e a c t i o n  r a t e  observed.  Perhaps t h i s  c a t a l y s t  
should be i n v e s t i g a t e d  a t  lower t empera tu res  i n  o r d e r  t o  d e t e r -  
mine i f  r e a c t i o n  of t h e  c a t a l y s t  w i th  t h e  supe rox ide  could be 
avoided and hence t h e  amount of oxygen i n c r e a s e d .  
Based on t h e  d a t a  of Tables 111, I V  and V,  t h e r e f o r e ,  t h e  
o r d e r  of e f f e c t i v e n e s s  of the c a t a l y s t s  a t  25OoC i s :  
V 0 > Mn02 = V205 > CuPh. 2 3  
2.2.5.  E f f e c t  of Absorbed Water on The Decomposition of Sodium 
SuDeroxide 
The c a t a l y t i c  e f f e c t  of absorbed water vapor  on t h e  de- 
composition of sodium superoxide was a l s o  i n v e s t i g a t e d .  The d a t a  
from t h e s e  s t u d i e s  are included i n  Table-  I1 t h r o i i ~ h  V. A t  16ooc, 
t h e  p recond i t ioned  sample decomposed t o  a lesser e x t e n t  t han  un- 
t r e a t e d  sodium supe rox ide ,  while a t  25OoC t he  p e r c e n t  decomposi- 
t i o n s  were abou t  t he  same f o r  bo th  samples.  The y i e l d  of oxygen 
from t h e  p recond i t ioned  sample, moreover, i s  on ly  s l i g h t l y  g r e a t e r  
t han  t h a t  from t h e  u n t r e a t e d  supe rox ide  (Table I V )  . 
data  and t h e  r a t e  p l o t  for the p r e c o n d i t i o n e d  sample confirm t h a t ,  
a l t hough  t h e  t o t a l  volume of oxygen gene ra t ed  p e r  gram of supe r -  
oxide i s  somewhat l a r g e r  than t h a t  o b t a i n e d  from pure  sodium 
supe rox ide ,  t h e  r a t e  of oxygen p r o d u c t i o n  i s  s l i g h t l y  lower.  The 
e f f e c t  of p r e c o n d i t i o n i n g  sodium supe rox ide  by exposure t o  mois- 
t u r e ,  t h e r e f o r e ,  does no t  appear t o  a f f e c t  s i g n i f i c a n t l y  t h e  oxy- 
gen producing a b i l i t y  of t h e  pu re  compound. 
The k i n e t i c  
59 
I I 





















FIGURE 31 FIRST-ORDER KINETIC PLOT FOR THE ISOTHERMAL 
DECOMPOSITION OF SODIUM SUPEROXIDE AT 250°C 
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FIGURE 33 FIRST-ORDER KINETIC PLOT FOR THE ISOTHERMAL 
AND 8.6% V205 AT 250°C 
DECOMPOSITION OF A SAMPLE CONTAINING 76,4% Na02 
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FIGURE 35 FIRST-ORDER KINETIC PLOT FOR THE ISOTHERMAL 
DECOMPOSITION OF A SAMPLE CONTAINING 76.5% NaOp 
AND 8.5% MnOp AT 250°C 
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FIGURE 37 
DECOMPOSITION OF A SAMPLE CONTAINING 75.3% NaO2 
AND 9.9% V2O3 AT 250°C 
FIRST-ORDER KINETIC PLOT FOR THE ISOTHERMAL 
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DECOMPOSITION OF A SAMPLE CONTAINING 75.9% NaOe 
AND 9.2% COPPER POLYPHTHALOCYANINE AT 250°C 
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2.2.6 Resu l t s  o f  I so the rmic  K i n e t i c  S t u d i e s  of The Decomposition 
of Sodium Peroxide 
Because sodium peroxide i s  an  i n t e r m e d i a t e  i n  the  decom- 
p o s i t i o n  of sodium supe rox ide ,  t h e  c a t a l y s t s  t h a t  a r e  most e f -  
f e c t i v e  i n  i n c r e a s i n g  the  oxygen p roduc t ion  from the  superoxide 
a r e  those  which f a c i l i t a t e  t h e  decomposition o f  sodium pe rox ide  
to sodium oxide. An i n v e s t i g a t i o n  o f  t h e  e f f e c t s  of t hose  c a t a -  
l y s t s  on the thermal  s t a b i l i t y  o f  pu re  sodium pe rox ide ,  t h e r e f o r e ,  
was c a r r i e d  o u t .  S t u d i e s  were conducted wi th  t h r e e  c a t a l y s t s ,  
manganese d iox ide ,  copper polyphthalocyanine-2,and vanadium(II1)  
ox ide .  The e f f e c t s  o f  t he  p h y s i c a l  form o f  the  pe rox ide  were a l s o  
examined by employing a compressed p e l l e t  o f  Na202 i n  a d d i t i o n  to 
t h e  u s u a l  powdered form. The r e su l t s  o f  t h e  s t u d i e s  conducted a t  
25OoC a r e  summarized i n  Table V I .  Ana lys i s  of  t h e  sodium pe rox ide  
used i n  t h i s  phase r e v e a l e d  t h a t  t h e  supe rox ide  c o n t e n t  o f  t h e  
seemingly "pure" m a t e r i a l  was e x c e p t i o n a l l y  h igh ;  g r e a t e r  t han  t h e  
lO$ expected i n  commercial grade sodium p e r o x i d e l g  The p e r c e n t  
decomposition of sodium superoxide t h a t  occur red  d u r i n g  t h e  pe r -  
ox ide  r e a c t i o n  be ing  s t u d i e d ,  t h e r e f o r e ,  was inc luded  i n  Table V. 
The small amount o f  decomposition recorded f o r  t h e  pe rox ide  
p e l l e t  i s  immediately obvious.  It a p p e a r s  t h a t  t h e  s u r f a c e  a r e a  
of t h e  peroxide has  a s i g n i f i c a n t  e f f e c t  on t h e  thermal  decompo- 
s i t i o n .  A s i m i l a r  e f f e c t  was noted by Markowitz i n  s t u d y i n g  the  
decomposition o f  l i t h i u m  pe rox ide .  17 
'As i n  p rev ious  s t u d i e s ,  t h e  manganese d i o x i d e  markedly i n -  
c r eased  the decomposition o f  t h e  pe rox ide .  An unexpected r e s u l t ,  
however, was t h e  mild exp los ion  encountered w i t h  the ph tha locyan ine  
c a t a l y s t .  The r e a c t i o n  proceeded normally for t h e  f i r s t  t h r e e  or 
f o u r  minutes and suddenly t h e  sample i g n i t e d  w i t h  a loud c r a c k .  
The i n s i d e  o f  t h e  g l a s s  r e a c t i o n  v i a l  was coa ted  wi th  a smokey 
g r a y  substance t y p i c a l  o f  t h e  combustion o f  a h igh  molecular  weight 
o rgan ic  compound. This  uncon t ro l l ed  r e a c t i o n  p r e s e n t s  c o n c l u s i v e  
proof t h a t  t h e  ph tha locyan ine  nucleus i s  s u s c e p t i b l e  t o  o x i d a t i v e  
a t t a c k  a t  t h i s  temperature .  
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The k i n e t i c  curves  for t he  v a r i o u s  pe rox ide  samples a r e  
g iven  i n  Figures  41-43. I n  a l l  c a s e s ,  e s s e n t i a l l y  a l l  o f  t h e  
oxygen i s  evolved i n  the  f i r s t  h a l f  hour .  
t h e  f i n a l  volume of oxygen p e r  gram of sodium pe rox ide  i s  ab- 
normally low. This c a t a l y s t  gave t h e  h i g h e s t  p e r c e n t  decompo- 
s i t i o n  of peroxide,  and y e t  t h e  volume of oxygen evolved i s  ap- 
proximately h a l f  of t h a t  ob ta ined  from t he  pure sodium pe rox ide .  
Again, t he  sample r e s i d u e  was b r i g h t  b l u e ,  and ,  i n  a l l  p r o b a b i l i t y ,  
t h e  c a t a l y s t  r e a c t e d ,  thus consuming a good p o r t i o n  of t h e  oxygen. 
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II 
MAGNETIC SUSCEPTIBILITY OF CALCIUM SUPEROXIDE 
d.  INTRODUCTION 
Magnetic susceptibility studies of calcium superoxide were con- 
tinued to characterize more fully its magnetic and structural pro- 
perties. In the interim report, results f o r  only one temperature 
were reported. During the extended work period, measurements were 
made at temperatures ranging from -170 to 38Oc, to determine the 
paramagnetic Curie-temperature, or Curie-point. Using these data, 
a more accurate permanent magnetic moment could be determined. 
Consequently, a more accurate independent analytical check for the 
presence and purity of superoxides could be made. 
Previously reported magnetic data for calcium superoxide were 
obtained with low purity samples (2-5$ 20 ).  The availability of 
higher purity samples (nearly 50%) for this work provided the op- 
portunity to define more clearly the magnetic properties of cal- 
cium superoxide. 
2. E X P E R I M E Y T A L  P R O C E D U R E  
The Gouy apparatus and experimental procedures used have been 
described in the recent interim report? 
ture measurements required a special apparatus to maintain the sam- 
ple tube at a constant temperature. This apparatus in shown in 
Figure 44. Using a constant flow of dry nitrogen gas, constant 
equilibrium temperatures were readily attained within 0.5 to 1 hour. 
The following baths were used to obtain the corresponding tempera- 
ture: ice bath: ll°C; 306 CaC12/100g snow: O°C; dry ice/acetone: 
-64OC; liquid nitrogen: -178OC. 
However, the low tempera- 
Since measured gram susceptibilities are affected by the pre- 
CaO2 sence of diamagnetic impurities,corrections were made f o r :  
(-0.33.10 c.g-s.units), CaCO (-0.38.10 c.g.s.units), Ca(OH)2 
(-0.30.10 c.g.s.units), and H20 (-0.70.10 c.g.s.units). 
-6 -6 
-6 -6 21 3 
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FIGURE 44 APPARATUS FOR 
M AGN E T IC SUSCE PT I6 I L ITY 
MEASUREMENTS AT LOW 
TEMPERATURES 

























Since  t h e s e  v a l u e s  a r e  not a f f e c t e d  by changes i n  t empera tu re ,  t h e  
t o t a l  diamagnet ic  v a l u e s  f o r  e a c h  sample, c a l c u l a t e d  from Weidemann's 
a d d i t i v i t y  law, remained constant  for a g iven  sample a t  any tempera- 
t u r e .  
3 - R E S U L T S  O F  MAGNETIC SUSCEPTIBILITY MEASUREMENTS 
Magnetic s u s c e p t i b i l i t y  measurements of Ca(02) samples of 20.0% 
and 48.0% p u r i t y  were made a t  +38, +28, +11, 0, -64, and - 1 7 8 O C  and 
a r e  summarized i n  Table V I I .  The gram s u s c e p t i b i l i t y  of t h e  pure 
sample a t  each temperature  was obtained by e x t r a p o l a t i n g  t o  lo@ 
p u r i t y ,  t h e  curve d e r i v e d  by p l o t t i n g  t h e  measured gram s u s c e p t i -  
b i l i t y  vs .  composition (F igu re  45) .  These r e s u l t s ,  summarized i n  
Table  V I I I ,  were used t o  cons t ruc t  a p l o t  of t h e  r e c i p r o c a l  of t h e  
molar  s u s c e p t i b i l i t y  (X,) of 1/2Ca(02) 
( F i g u r e  46 ) .  
a t  O°K (Cur i e -po in t )  i n d i c a t i n g  t h a t  for t h e  temperature  range 
s t u d i e d ,  -178 t o  + 3 8 O C ,  t h e  Curie Law was obeyed f o r  calcium supe r -  
ox ide .  The r e c i p r o c a l  of t h e  s lope o f  t h i s  l i n e ,  equa l  t o  t h e  Curie 
c o n s t a n t  [Cm = x m ( T - Q ) ]  , was found t o  be 0.418'K c . g . s .  
y i e l d s  a molar s u s c e p t i b i l i t y  of 1400.10-6 c . g . s .  u n i t s  a t  25OC 
and a permanent magnetic movement (L ) o f  1.84 Bohr magnetons. 
T h i s  l a t t e r  v a l u e  i s  i n  e x c e l l e n t  agreement wi th  t h e  t h e o r e t i c a l  
v a l u e  of 1.85 f o r  t h e  *I1 s t a t e  for 0; 22, Table V I I I .  
v s .  t h e  a b s o l u t e  t empera tu re  
The s t r a i g h t  l i n e  was observed t o  i n t e r s e c t  t h e  T-axis 
-1 , which 
B 
4. DISCUSSION O F  R E S U L T S  
- 
Since  t h e  superoxide an ion , -02 ,  i s  t h e  on ly  source of t h e  pa ra -  
magnetism and e x i s t s  as an independent i o n i c  u n i t  i n  t h e  superoxide 
c r y s t a l  l a t t i c e ,  t h e  molar s u s c e p t i b i l i t y  may be halved t o  o b t a i n  t h e  
v a l u e  f o r  one 0; u n i t  i n  t h e  Ca(02)2 b i r a d i c a l .  
- 
I n  a d d i t i o n ,  t h e  Curie cons t an t  should hold t r u e  for any supe r -  
c . g . s .  u n i t s ,  a -6 ox ide  system. Thus, u s i n g  a value o f X m  = 1710'10 
Curie-point  of +51°K i s  c a l c u l a t e d  for potassium superoxide,  Table 
I X .  Th i s  v a l u e  assumes t h a t  s ince  t h e  0; anion i s  t h e  on ly  sou rce  
of t h e  paramagnetism and because t h e  a l k a l i  and t h e  a l k a l i n e  e a r t h  
81 
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FIGURE 45 MEASURED GRAM SUSCEPTIBILITY 
AS A FUNCTION OF COMPOSITION 
OF CALCIUM SUPEROXlDE AT 
VARIOUS TEMPERATURES .. 
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(010 6 c . g . s . u n i t s )  
cRAw(a) MOLAR 1/2 MOLAR 
(xg ) h n )  (1/2 Xm) 
25.7 2680 1340 
27.4 2850 1420 
28.9 3010 1500 
29.2 3040 1520 
39- 0 4060 2030 
95.4 9930 4960 
(a)  o b t a i n e d  by e x t r a p o l a t i o n  t o  low Ca(02)2, F igu re  45. 
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metal c a t i o n s  a r e  on ly  weakly diamagnet ic ,  t h e  Curie c o n s t a n t  f o r  
v a r i o u s  h i g h l y  concen t r a t ed  superoxide compounds should be e s s e n -  
t i a l l y  t h e  same. 
found t o  be 1 .84.  
The permanent magnetic moment f o r  KO2 was t h u s  
Comparison with E h r l i c h  Is data2' showed e x c e l l e n t  agreement for 
t h e  measured gram s u s c e p t i b i l i t y  a t  room tempera tu re .  However, a t  
t h e  lower t empera tu res ,  cons ide rab le  d i f f e r e n c e s  i n  r e s u l t s  were 
observed,  probably because E h r l i c h  employed v e r y  d i l u t e  samples f o r  
h i s  studies2'.  
t h e  p r e s e n t  work were u s u a l l y  very small, and, i n  samples with ve ry  
h igh  superoxide c o n t e n t ,  t h e y  were n e a r l y  n e g l i g i b l e ,  e . g . ,  app rox i -  
ma te ly  5% c o r r e c t i o n  for diamagnetic i m p u r i t i e s  f o r  20.0% Ca(02)2 
and less  than 1% for 48.0% Ca(02)2. 
magnetic c o r r e c t i o n s  f o r  calcium pe rox ide  were p r o p o r t i o n a t e l y  ve ry  
l a r g e ,  g r e a t e r  t h a n  90% i n  some c a s e s .  A s  a r e s u l t ,  E h r l i c h  ca l -  
c u l a t e d  a permanent moment of 2 . 1  Bohr magnetons, compared t o  t h e  
va lue  of 1.84  Bohr magnetons reported i n  t h i s  work. 
The c o r r e c t i o n s  f o r  t h e  diamagnet ic  i m p u r i t i e s  i n  
By comparison, E h r l i c h ' s  d ia-  
87 
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SUMMARY 
The work completed d u r i n g  t h i s  phase of Contract  NASw-559 can 
b e  summarized as f o l l o w s :  
1. D i f f e r e n t i a l  thermal  a n a l y s i s  and thermogravimetr ic  s t u d i e s  
have been performed on pure samples of sodium superoxide,  sodium 
pe rox ide ,  and l i t h i u m  peroxide,  and on samples of t h e s e  m a t e r i a l s  
c o n t a i n i n g  v a r i o u s  m e t a l l i c  oxide and me ta l lo -o rgan ic  c a t a l y s t s .  
2. D i f f e r e n t i a l  thermal  a n a l y s i s  has  demonstrated t h a t  sodium 
pe rox ide  begins  t o  decompose a t  ca .  3 1 O o C ,  and t h a t  above 3 5 O o C  t h e  
decomposition i s  r a p i d .  Lithium peroxide decomposes i n  t h e  tempera- 
t u r e  range from about  310 t o  about 38OoC. 
t h r e e  of t h e s e  compounds are endothermic p r o c e s s e s .  
The decomposition of a l l  
3. The a d d i t i o n  of m e t a l l i c  oxide or meta l lo -o rgan ic  c a t a l y s t s  t o  
sodium superoxide,  sodium peroxide,  or l i t h i u m  pe rox ide  f a i l e d  t o  
dec rease  t h e  t empera tu res  a t  which t h e  compounds decomposed. D i f -  
f e r e n t i a l  thermogravimetr ic  da t a ,  however, have shown t h a t  t h e  a d d i -  
t i o n  of 1% cuprous oxide t o  sodium superoxide causes  a s l i g h t  i n -  
c r e a s e  i n  t h e  ra te  of thermal  decomposition. 
4.  I so the rma l  k i n e t i c  s t u d i e s  were performed on pure and c a t -  
a l y z e d  samples o f  sodium superoxide and sodium peroxide.  Based on 
IYTA d a t a ,  r e a c t i o n  t empera tu res  were s e t  a t  160 and 250°C. 
a l y s t s  i nc luded  i n  t h i s  s t u d y  were manganese d i o x i d e ,  vanadium(V) 
oxide,  vanadium(II1)  oxide,  aluminum oxide,  and copper polyphthalo-  
cyanine.  
Cat- 
A n a l y t i c a l  d a t a  ob ta ined  from t h e  thermal  decomposition p ro -  
d u c t s  of sodium superoxide s t u d i e s  i n d i c a t e  t h a t  t h e  deg rada t ion  
t a k e s  p l a c e  i n  two d i s t i n c t  s t e p s :  (1) t h e  conversion o f  super-  
oxide t o  peroxide and oxygen and ( 2 )  t h e  decomposition o f  peroxide 
t o  g i v e  t h e  oxide and a d d i t i o n a l  oxygen. 
A t  b o t h  160 and 250°C, sodium superoxide decomposed t o  form 
p r i n c i p a l l y  sodium pe rox ide  wi th  on ly  a small amount of sodium 
oxide being produced. A t  1 6 O o C  t h e  decomposition proceeded t o  
41.4% of  completion i n  140 hours  while  a t  250°C, 87.2% of com- 
p l e t i o n  was achieved i n  7 hours .  
A t  t h e  lower t empera tu re ,  two c a t a l y s t s ,  vanadium(V) and 
vanadium(II1) ox ides  appeared t o  a c c e l e r a t e  t h e  decorhposition 
of superoxide.  The h i g h e r  o x i d a t i o n  s t a t e  f a c i l i t a t e d  t h e  supe r -  
oxide-peroxide t r a n s i t i o n  wi th  no oxide b e i n g  formed, wh i l e  t h e  
vanadiwn(II1) compound c a t a l y z e d  t h e  conversion of superoxide a l l  
t h e  way t o  t h e  oxide.  Another c a t a l y s t ,  manganese d i o x i d e ,  a l s o  
i n c r e a s e d  the  amount of oxide formed, a l though  t h e  p e r c e n t  of 
superoxide converted was somewhat l e s s  t h a n  t h a t  o b t a i n e d  wi th  
pu re  sodium superoxide.  
5. A t  250°C, a l l  of t h e  c a t a l y s t s  t e s t e d  appeared t o  r e t a r d  
t h e  conversion o f  sodium superoxide t o  sodium peroxide.  It i s  
p o s t u l a t e d  t h a t  complexes O f  t h e  g e n e r a l  t y p e ,  Na02.MxOy, a r e  
formed. The complexes a r e  cons ide red  t o  decompose a t  a s lower  
r a t e  t h a n  t h e  uncomplexed sodium superoxide,  t h u s  accoun t ing  f o r  
t h e  a p p a r e n t l y  lower conversion t o  t h e  pe rox ide .  Manganese d i -  
oxide and copper phthalocyanine e f f e c t i v e l y  c a t a l y z e  t h e  decom- 
p o s t i o n  of t h e  uncomplexed superoxide completely t o  t h e  oxide and 
oxygen. 
6.  S t u d i e s  were conducted on t h e  the rma l  decomposition c h a r a c t e r -  
i s t i c s  of sodium superoxide samples p r e c o n d i t i o n e d  by exposure of 
atmospheres of 109 r e l a t i v e  humidi ty  f o r  va ry ing  p e r i o d s  of t i m e .  
Such cond i t ion ing  appeared t o  lower s l i g h t l y  t h e  o n s e t  of t he rma l  
decomposition. The ra te  of decomposition was not  s i g n i f i c a n t l y  a f -  
f e c t e d  by p r e c o n d i t i o n i n g  wi th  moi s tu re .  
7. Magnetic s u s c e p t i b i l i t y  measurements were made a t  38, 28, 11, 
0, -64, and - 1 7 8 ' ~  f o r  calcium superoxide samples of 20.0 and 4 8 . e  
p u r i t y .  The Curie- temperature  was d e t e m i n e d  t o  be O°K i n d i c a t i n g  
t h a t  t h e  C u r i e  Law was obeyed. The molar  s u s c e p t i b i l i t y  for calcium 
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supe rox ide  was c a l c u l a t e d  t o  be 2850 '10 -~c .  g. s .  u n i t s  a t  24OC. 
The permanent moment f o r  1/2Ca(02)2 was c a l c u l a t e d  t o  be 1.84 
Bohr magnetons which i s  i n  e x c e l l e n t  agreement w i t h  t h e  p r e d i c t e d  
t h e o r e t i c a l  value.  
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C ONC L US I ON S 
The p o t e n t i a l  u ses  of a l k a l i  me ta l  ozonides  and supe rox ides ,  
a s  w e l l  a s  calcium supe rox ide ,  a s  a i r  r e v i t a l i z a t i o n  m a t e r i a l s  have 
been t h e  s u b j e c t  of s t u d i e s  conducted under  NASA Con t rac t  NASw-559 
s i n c e  February ,  1963. The r e s u l t s  of t h i s  r e s e a r c h  and t h e  problems 
a s s o c i a t e d  wi th  t h e  synthesis  and chemical c h a r a c t e r i z a t i o n  of t h e s e  
compounds have been p r e s e n t e d  i n  t h e  r e p o r t s  submi t t ed  a s  p a r t i a l  
f u l f i l l m e n t  of t h e  s u b j e c t  c o n t r a c t .  
A summary of a c t i v e  chemicals ,  t h e i r  a v a i l a b i l i t y ,  a d a p t a b i l i t y  
t o  long  or s h o r t  d u r a t i o n  space mis s ions ,  and expe r i ence  f a c t o r s  con- 
ce rn ing  t h e i r  a p p l i c a t i o n  a s  a i r  r e v i t a l i z a t i o n  m a t e r i a l s  i s  g iven  i n  
Table  X. 
The s t u d i e s  concerned with a l k a l i  me ta l  ozonides  c l e a r l y  e s t a b -  
l i s h e d  t h e  p o t e n t i a l  of t h e s e  m a t e r i a l s  for use  i n  non-regenera t ive  
a i r  r e v i t a l i z a t i o n  sys tems.  Oxygen p roduc t ion  r e s u l t e d  from t h e  
r e a c t i o n  of wate r  ( v a p o r )  w i t h  t h e  ozonide and y i e l d e d  t h e  c o r r e s -  
ponding hydroxide which was capable  of abso rb ing  carbon d i o x i d e .  
The a t t r a c t i v e n e s s  of t h i s  system was f u r t h e r  enhanced by t h e  f a c t  
t h a t  b i c a r b o n a t e s  were formed upon r e a c t i o n  w i t h  carbohydroxide,  
t h u s  r e s u l t i n g  i n  f a v o r a b l e  r e s p i r a t o r y  q u o t i e n t s .  
Potassium ozonide  was s u c c e s s f u l l y  p repa red  i n  g r e a t e r  t h a n  
95% p u r i t y  bu t  i n  o n l y  sma l l  (10%) y i e l d s .  The s t o i c h i o m e t r i e s  of 
t h e  p e r t i n e n t  chemical  r e a c t i o n s  for potass ium ozonide  a s  w e l l  a s  
i t s  thermal  s t a b i l i t y  p r o p e r t i e s  were c h a r a c t e r i z e d .  The p r e s e n t  
i n a b i l i t y  to prepa re  l a r g e - s c a l e  q u a n t i t i e s  of potassium ozonide ,  
however, and t h e  d i f f i c u l t i e s  encountered i n  s y n t h e s i z i n g  sodium 
ozonide  p reven t  t h e  cons ide ra t ion  of t h e  a l k a l i  me ta l  ozonides  a s  
" o f f - t h e - s h e l f "  i t ems ,  i . e . ,  ready for use .  It i s  necessa ry ,  t h e r e  
f o r e ,  t h a t  cont inued  e f f o r t s  be expended for fundamental  s t u d i e s  i n  
t h e  a r e a s  of  t h e  s y n t h e s i s  and eng inee r ing  of t h e s e  m a t e r i a l s  for 
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SUMMARY OF ACTIVE CHEMIC! 
Formula A v a i l a b i l i t y  
Li202 
Na03 
K03 Potassium Ozonide 
Sodium Peroxide Na 2O 2 
K2°2 
Lithium Superoxide Li02 
Potassium Peroxide 
Lithium Ozonide Li03 
Commercially a v a i l a b l e .  
>95$ p u r i t y .  
Curren t ly  expensive 
($20/ lb) .  
Commercialls a v a i l a b l e .  
Laboratory q u a n t i t i e s  
on ly ,  p u r i t i e s  up t o  
60%. 
Commercially a v a i l a b l e .  
Laboratory q u a n t i t i e s  
only.  
>go$ p u r i t y  repor ted .  
Current  labora tory  
syn thes i s  techniques 
no t  s u i t a b l e  for l a r g e  
s c a l e  product ion.  
Laboratory q u a n t i t i e s  
only.  
>go$ p u r i t y  i n  low y i e l d  
Current labora tory  
syn thes i s  techniques not  
s u i t a b l e  for l a r g e  s c a l e  
product ion.  
Commercially a v a i l a b l e .  
Adaptabi l i ty  t o  L i f e  Support Sysl 
May be considered s u i t a b l e  i n  chemi 
a i r  r e v i t a l i z a t i o n  system t o  suppl! 
oxygen and remove carbon d ioxide  ar 
noxious and t o x i c  a i rbo rn  contamin: 
Present  s t a t e -o f  - the-ar t  i n d i c a t e s  
m a t e r i a l  s u i t a b l e  f o r  missions of I 
135 t o  180 man-days i n  length .  LOI 
term s to rage  s t a b i l i t y  is an atbrac 
a s s e t .  P o t e n t i a l l y  t h e  best  of th f  
c u r r e n t l y  considered non-regenerat: 
systems i n  terms of  weight and voli 
requirements .  
Same a s  f o r  sodium superoxide but I 
l e s s  oxygen s torage  capac i ty .  Ada] 
for space missions of up t o  95 man. 
i n  length .  
If a v a i l a b l e  i n  p u r i t i e s  g r e a t e r  t l  
go$, would be supe r io r  t o  the  a lka  
metal  superoxides i n  a l l  regards  ai 
would, i n  add i t ion ,  o f f e r  a t t r a c t i .  
p o t e n t i a l  i n  a back-pack u n i t .  
Both C02 scrubber  and oxygen sourct 
g r e a t e r  C02 capac i ty  than l i t h ium 
hydroxide. 
Ca ta lys t  necessary f o r  complete re ;  
with water vapor and C02. 
Would be use fu l  a s  multi-purpose C I  
pound for supply of oxygen, remova 
carbon dioxide,  and noxious and to: 
a i r -born  contaminants. 
Same a s  for sodium ozonides but  w i  
l e s s  oxygen s torage  capac i ty  and 
g r e a t e r  thermal s t a b i l i t y .  
P o t e n t i a l l y  use fu l  a s  an a u x i l i a r y  
primary CO, sc rubber ,  however, not  >90$ p u r i t y .  
F lu f f  ma te r i a l  ($0.95/lb) a t t r a c t i v e L a s  l i t h ium peroxide com 
P e l l e t  ma te r i a l  ($0.21/lb) for t hese  purposes, nor i n  terms o 
oxygen s torage  capac i ty .  
Not commercially None 
a v a i l a b l e .  
Not ava i l ab le  Would be outs tanding  a c t i v e  chemic 
Numerous a t tempts  a t  for oxygen supply. 
syn thes i s  unsuccessful .  
Reported successes  
ques t ionable .  Thermo- 
dynamic s t u d i e s  show 
i t  t o  be uns tab le  a t  
u s e f u l  temperatures .  
Not a v a i l a b l e .  
Unfavorable thermo- 
dynan c s .  No r epor t s  
r e g a n  irig poss ib le  
syn thes i s .  
Would o f f e r  g r e a t e s t  oxygen s t o r a g  
capac i ty  of  a l l  a c t i v e  chemicals. 
TABLE X 
LS FOR USE AS AIR RFVITALIZATION MATERIALS 
Experience Fac to r s  Related t o  Space Cabin Use 
o t h e r s ) ,  manned chamber t es t s  (Boeing), may 
I 
c a l  Successfu l  labora tory  eva lua t ions  (GD/EB and 
d poss ib ly  have been the chemical of choice i n  
n t s .  Russian animal and manned space f l i g h t s .  
t h i s  
E 
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Extensive s t u d i e s  both i n  USA and USSR. Was 
i n  a l l  p r o b a b i l i t y  the  chemical of choice i n  
t h e  Soviet  manned and animal space f l i g h t s .  
Limited l abora to ry  s tud ie s  on synthes is  and 
c h a r a c t e r i z a t i o n  as an a i r  r e v i t a l i z a t i o n  
m a t e r i a l  (GD/EB, ONR, S o v i e t s ) .  
Some l abora to ry  s tudies  on syn thes i s  and 
u t i l i z a t i o n  as  a i r  r e v i t a l i z a t i o n  ma te r i a l  
(Foote Mineral Company). 
Some l abora to ry  s tudies  on i t s  synthes is  and 
eva lua t ion  a s  a i r  r e v i t a l i z a t i o n  m a t e r i a l  
(GD/EB, IIT , and Sovie ts ) .  
Same a s  for sodium ozonide. 
Limited information a v a i l a b l e .  Some 
l abora to ry  s t u d i e s .  
NDne 
None 
S t a t u s  A s  Air R e v i t a l i z a t i o n  Mate r i a l  
Ready for use pending des ign  and t e s t  of 
an  a c t u a l  f l i g h t  system. 
Same a s  for sodium superoxide.  
Requires cont inua t ion  of b a s i c  s t u d i e s  t o  
develop a method'of pr0ducir.g t h i s  compound 
i n  p u r i t i e s  g r e a t e r  t han  90% and on a l a r g e  
s c a l e .  
Mechanisms and c o n t r o l  of p e r t i n e n t  a i r  
r e v i t a l i z a t i o n  r eac t ions  no t  completely 
known. Long term bas i c  chemical and 
engineer ing  s t u d i e s  r equ i r ed  ( 2  t o  3 y e a r s )  
i n  o rde r  t o  in su re  i t s  r e l i a b i l i t y  i n  space 
miss ions .  
W i l l  requLre long-term bas i c  s t u d i e s  ( 2  t o  
3 yea r s )  t o  r e so lve  problems of i t s  syn thes i s  
on l a rge  s c a l e  and t h e  problem of thermal 
s t a b i l i t y .  
Same as for sodium ozonide except for 
thermal s t a b i l i t y .  
Doubtful value for space cabin  a p p l i c a t i o n s  
based on water vapor r e a c t i o n s .  Of value  
when admixed with sodium superoxide for 




I n  t h e  r e c e n t  i n t e r i m  report ' ,  it was concluded t h a t  t h e  
chemis t ry  of sodium and potassium superoxides  has  been s u f f i c i e n t l y  
developed t o  a l low t h e  a p p l i c a t i o n  o f  t hese  m a t e r i a l s  i n  a i r  r e -  
v i t a l i z a t i o n  sys tems.  The r e a c t i o n s  of t h e s e  compounds w i t h  wa te r  
vapor  and carbon d i o x i d e  have been e x t e n s i v e l y  s t u d i e d .  I n  a s e m i -  
p a s s i v e  u n i t ,  des igned  f o r  use i n  c l o s e d  environments  such a s  space  
cab ins ,  t h e  d e s i r e d  r e s p i r a t o r y  q u o t i e n t  may be r e a d i l y  main ta ined  
by p rope r  c o n t r o l  of f l ow r a t e s  and l e v e l s  of humidi ty .  The use-  
f u l n e s s  of t hese  compounds, moreover, has  been a b l y  demonstrated 
by t h e  fo l lowing :  
developed a t  General  Dynamics, E l e c t r i c  Boat  d i v i s i o n ,  under t h e  
ausp ices  of NASA27; t h e  five-man t e s t  (employing sodium supe rox ide )  
s u c c e s s f u l l y  completed by t h e  Boeing A i r c r a f t  Co. under  t h e  d i r e c -  
t i o n  of NASA 28J29; t h e  atmosphere c o n t r o l  u n i t  ( u s i n g  potassium 
superoxide  d i s c s )  des igned  and f a b r i c a t e d  by t h e  MSA Research 
Corpora t ion  i n  coope ra t ion  with t h e  Aerospace Medical D iv i s ion  o f  
Wright -Pa t te rson  A i r  Force Base3'; t h e  company-sponsored e f f o r t s  
o f  t h e  General  Dynamics, E l e c t r i c  Boat d i v i s i o n ,  i n  deve loping  a 
"Potassium Superoxide A i r  R e v i t a l i z a t i o n  System" for sma l l  sub-  
m e r s i b l e ~ ~ ' ~ ;  and t h e  dramat ic  use o f  sodium or potassium superoxide  
t h e  microcontac tor  ( u s i n g  potassium supe rox ide )  
i n  t h e  Russian Vostok and Voskhod manned f l i g h t s  32 J 3 3  J34 
The weight and volume c h a r a c t e r i s t i c s  of an a i r  r e v i t a l i z a t i o n  
system based on t h e  r e a c t i o n  of wa te r  vapor  wi th  sodium or potass ium 
superoxide  a r e  compared i n  Table X I  wi th  o t h e r  t e c h n i c a l l y  advanced, 
non-regenera t ive  systems f o r  a 90-day manned mis s ion .  These e s t i -  
assume t h e  requi rements  of a 154-lb.  man a t  moderate a c t i v i t y  ( a n  
oxygen requirement  o f  1 .87 lb./man-day, and a carbon d iox ide  o u t p u t  
o f  2 .11  lb/man-day). 
have been shown t o  range from 280 t o  600 pounds 37J38. 
mates ,  based on t h e  a n a l y s i s  of a v a i l a b l e  eng inee r ing  d a t a  31 ~ 3 5  ,36
9 
Weight e s t ima tes  f o r  three-man c a p a c i t y  systems 
Es t imated  
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TABLE X I  
Weight and Volume C h a r a c t e r i s t i c s  for Advanced 
S t a t e - o f - t h e - A r t ,  Non-Regenerative A i r  R e v i t a l i z a t i o n  Systems 
Sys tern 
L i O H  ( a l o n e )  
LOX (150 p s i )  
(50% Loss) 
02 Spheres 
(3000 p s i )  (SAE 
4340 S t e e l ,  
S a f e t y  Fac to r  
,I. 88) 
LOX (50% L O S S ) /  
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Miss i o n  
T o t a l  
Volume 








(F ixed  weight and f i x e d  volume e s t i m a t e s  i n c l u d e  blowers ,  manifolds ,  
r e g u l a t o r s ,  c o n t r o l  d e v i c e ,  and misce l l aneaus  p i p i n g  and t u b i n g . )  
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power requi rements  for r e g e n e r a t i v e  systems a r e  on t h e  o r d e r  of two 
k i l o w a t t s .  S ince  a r e a l i s t i c  weight-to-power r a t i o  i s  g e n e r a l l y  
assumed t o  be 300 l b s .  p e r  k i l o w a t t ,  approximate ly  600 l b s .  must be 
added t o  t h e  b a s i c  e s t i m a t e d  weight o f  t h e  r e g e n e r a t i v e  sys tems.  
The e s t i m a t e d  power requirement  of non-regenera t ive  systems i s  on 
t h e  o r d e r  of o n l y  0 . 1  kw, and only  30 l b s .  f o r  power supp ly  need 
be added t o  t h e i r  b a s i c  system weight .  
A comparison of system weights ,  i n c l u d i n g  power Supply weights ,  
a s  a f u n c t i o n  of miss ion  l eng th  i s  shown i n  F igu re  47, v h i l e  F igu re  48 
i l l u s t r a t e s  volume p e n a l t i e s  a s  a f u n c t i o n  of miss ion  l e n g t h .  These 
f f g u r e s  i n d i c a t e  t h a t  an a c t i v e  chemical  system employing sodium 
supe rox ide  o f f e r s  t h e  l e a s t  weight and volume p e n a l t y  of any o f  t h e  
non-regenera t ive  systems cons idered  and i s  c l e a r l y  compe t i t i ve  w i t h  
r e g e n e r a t i v e  systems up t o  125 t o  180 man-days i n  l e n g t h .  
A number of t h e  c h a r a c t e r i s t i c s  of  a superoxide  chemical  a i r  
r e v i t a l i z a t i o n  s y s  t e m  which o f f e r  a d d i t i o n a l  advantages  t o  be con- 
s i d e r e d  i n  a t r a d e - o f f  s t u d y  a r e  n o t  i nc luded  i n  t h e  above w e i g h t -  
volume-mission l e n g t h  comparisons. These advantages i n c l u d e  con- 
t r o l  of cab in  r e l a t i v e  humidi ty ,  removal. of a i r -bo rne  bac te r i a  and 
o d o r i f e r o u s  human body waste  products  from t h e  cab in  atmosphere 
( t h u s  o f f e r i n g  p o s s i b l e  r educ t ion  or e l i m i n a t i o n  o f ' a u x i l i a r y  systems 
for r anova l  o f  t o x i c  contaminants ) ,  and t h e  s i m p l i c i t y  and r e l i a b i l i t y  
of o p e r a t i o n  compared t o  o t h e r  cand ida te  a i r  r e g e n e r a t i o n  sys tems.  
For s m a l l ,  s e l f - c o n t a i n e d  a i r  r e v i t a l i z a t i o n  u n i t s  such a s  
might  be a s s o c i a t e d  wi th  space  s u i t s ,  e x t r a - v e h i c u l a r  a c t i v i t i e s ,  
and t h e  l i k e , c a n i s t e r - l i k e  devices  must be employed. I n  t h e s e  
a p p l i c a t i o n s ,  however, t h e  use o f  sodium or potassium superoxide  i s  
r e s t r i c t e d  by t h e  c r u s t i n g  problem encountered  with t h e  a l k a l i  m e t a l  
superoxide-water  vapor  c a n i s t e r  r e a c t i o n s .  I n  an  a t t e m p t  t o  circum- 
ven t  t h i s  problem, ca lc ium superoxide was i n v e s t i g a t e d  a s  an a i r  
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r e v i t a l i z a t i o n  m a t e r i a l .  The i n t e r i m  repor t '  concluded t h a t  ca lc ium 
superoxide  was n o t  yet  compet i t ive  w i t h  a l k a l i  m e t a l  supe rox ides  
because of t h e  complexi ty  o f  t he  r e a c t i o n s  of ca lc ium superoxide  
wi th  carbon d iox ide  and wa te r  vapor .  Before ca lc ium superoxide  can 
be cons idered  for use  i n  a i r  r e v i t a l i z a t i o n  a p p l i c a t i o n s ,  t h e r e f o r e ,  
t h e  p e r t i n e n t  r e a c t i o n  s t o i c h i o m e t r i e s  must be e s t ab l i shed ,  and t h e  
problems r e l a t e d  t o  l a r g e  s c a l e  s y n t h e s i s  of h i g h - p u r i t y  m a t e r i a l  
must be r e so lved .  
The p r e s e n t  work was concerned with t h e  i n v e s t i g a t i o n  o f  an  
a l t e r n a t e  t o  t h e  superoxide-water  vapor  r e a c t i o n .  The d e t e r m i n a t i o n  
of t h e  thermal  decomposi t ion c h a r a c t e r i s t i c s  of  sodium supe rox ides ,  
sodium peroxide ,  and l i t h i u m  peroxide has  confirmed t h e  f e a s i b i l i t y  
of  oxygen p roduc t ion  through thermal  a c t i v a t i o n  of  t h e s e  a i r  r e -  
v i t a l i z a t i o n  chemica ls .  S i g n i f i c a n t  y i e l d s  and r a t e s  of oxygen 
e v o l u t i o n  from sodium superoxide can be o b t a i n e d  a t  e l e v a t e d  tempera- 
t u r e s  ( n e a r  250°C) i n  t h e  presence of  a s u i t a b l e  c a t a l y s t  ( e . g .  V 0 ) .  
Pre t r ea tmen t  o f  t h e  superoxide  sample by exposure t o  moi s tu re  has  
been shown t o  lower s l i g h t l y  the  tempera ture  of thermal  d e c m p o s i t i o n .  
2 3  
It has  been demonstrated t h a t  t h e  chemical b e s t  s u i t e d  for 
t h e s e  purposes  would be sodium superoxide .  Li thium peroxide  cannot  
be cons idered  a t  t h i s  t ime because i t  decomposes a t  a somewhat 
h i g h e r  tempera ture  ( g r e a t e r  than  3 0 O o C )  t h a n  sodium supe rox ide .  
Because of t h e  e l e v a t e d  tempera tures  needed t o  e f f e c t  decomposi t ion,  
t h e  use o f  sodium superoxide  t o  produce oxygen v i a  a thermal  
decomposi t ion mechanism i n  a smal l ,  s e l f - c o n t a i n e d  a i r  r e v i t a l i z a t i o n  
u n i t  does no t  appea r  encouraging a t  t h i s  t i m e .  
One conceptua l  des ign  f o r  a n  a i r  r e v i t a l i z a t i o n  u n i t  based on 
t h e  thermal  decomposi t ion  of sodium superoxide  i s  shown s c h e m a t i c a l l y  
wi th  v a r i o u s  modes o f  ope ra t ion  i n  F igu re  49. I n t e r n a l  h e a t e r s  
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FIGURE 49 CONCEPTUAL SCHEMATIC FOR AIR REVITALIZATION 
UNIT BASED ON THERMAL DECOMPOSITION OF 
SODIUM SUPEROXIDE 
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on t h i s  concep tua l  d e s i g n ,  eng inee r ing  e s t i m a t e s  were made f o r  a 
"quas i - t r ade -o f f ' '  s t u d y  assuming a 1% c a t a l y s t  l e v e l  and an o p e r a t i n g  
temperature  of 1 0 0 ° C  ( i d e a l  compared t o  expe r imen ta l ly  determined 
2 5 O O C ) .  
manner d e s c r i b e d  above f o r  a one-man system based on t h e  the rma l  
decomposition ( v i a  two r e a c t i o n  p a t h s )  of sodium supe rox ide ,  and 
a r e  summarized i n  Table  X I I .  F igu res  50 and 51 i l l u s t r a t e  systems 
weights  and volumes a s  func t ions  of mission l e n g t h .  A comparison 
of t h i s  d a t a  with F i g u r e s  47 and 4 8 i n d i c a t e s  t h a t  t h e  superoxide 
thermal  decomposition system does no t  o f f e r  any s i g n i f i c a n t  weight 
or volume advantages ove r  a s y s t e m  based on a superoxide-water  vapor  
r e a c t i o n .  
The weight and volume p e n a l t i e s  were c a l c u l a t e d  i n  t h e  
A t  t h i s  t i m e ,  i t  can be concluded t h a t  s u f f i c i e n t  thermal  d a t a  
f o r  high d e n s i t y  a l k a l i  superoxides m a t e r i a l  i s  no t  y e t  a v a i l a b l e  
f o r  r e l i a b l e  engineering'ltrade-off"studies. I n  a d d i t i o n ,  be fo re  
such " t r a d e - o f f "  s t u d i e s  can be made, t h e  necessa ry  d a t a  must be 
o b t a i n e d  and s t u d i e s  of many a d d i t i o n a l  s u p e r o x i d e - c a t a l y s t  systems 
should be exhausted.  
I400 
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RECOMMENDATIONS 
It i s  recommended t h a t :  
1. A superoxide a i r  r e v i t a l i z a t i o n  system be designed and 
t e s t e d  t h a t  would be o r i e n t e d  toward a s p e c i f i c  space mis s ion .  It 
i s  recommended t h a t  t h e  system be based on t h e  r e a c t i o n  of  e i t h e r  
sodium o r  potassium superoxide with wa te r  vapor.  
2. S t u d i e s  of t h e  thermal decomposition mode of a c t i v a t i o n  
for a superoxide a i r  r e v i t a l i z a t i o n  system be con t inued  i n  o r d e r  
t o  make more r e l i a b l e  eng inee r ing  t r a d e - o f f  s t u d i e s  compared t o  
t h e  water  vapor mode of a c t i v a t i o n .  S t u d i e s  of v a r i o u s  c a t a l y s t  
systems ( p a r t i c u l a r l y  m e t a l  phthalocyanines  and vanadium and copper 
o x i d e s )  with sodium and potassium superoxides  shou ld  be cont inued 
i n  a n  e f f o r t  t o  f i n d  a lower temperature  of decomposition or  f a s t e r  
r a t e  of oxygen e v o l u t i o n .  I n  a d d i t i o n ,  t h e  f e a s i b i l i t y  of "on-off"  
t y p e  modes of o p e r a t i o n  by r a i s i n g  o r  lowering t h e  a p p l i e d  the rma l  
energy should be determined.  
3. Bas i c  s t u d i e s  r e l a t e d  t o  t h e  chemis t ry  and s y n t h e s i s  o f  
calcium superoxide be continued t o  develop a method of p r e p a r i n g  
t h i s  compound i n  a t  l e a s t  go$ p u r i t i e s  a s  w e l l  a s  i n  g r e a t e r  t han  
l a b o r a t o r y  q u a n t i t i e s .  
4. Long-term b a s i c  s t u d i e s  of  a l k a l i  me ta l  ozonides  be con- 
t i n u e d  t o  r e s o l v e  problems concerning s y n t h e s i s  ( p a r t i c u l a r l y  large 
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1. C O N T R A C T  O R  G R A N T  NO 9. ORIGINATOR:S R E P O R T  NUMCJER(S) 
I 3  ABSTRACT 
A s t u d y  of t h e  thermal  s t a b i l i t y  of sodium superoxide ,  sodium 
pe rox ide ,  and l i t h i u m  peroxide was conducted. The t echn iques  
of d i f f e r e n t i a l  thermal a n a l y s i s ,  thermogravimetry and d i f f e r -  
e n t i a l  thermogravimetry were used i n  e v a l u a t i n g  t h e  e f f e c t s  of 
m e t a l l i c  ox ide  and me ta l l i c -o rgan ic  c a t a l y s t s  on t h e  temper- 
a t u r e s  and ra tes  of decomposition of t h e s e  compounds. R e s u l t s  
i n d i c a t e d  t h a t  c a t a l y s t s  do  n o t  lower the thermal decomposi t ion 
t empera tu re  b u t ,  i n  some cases ,  a c c e l e r a t e  t h e  r a t e  of decompo- 
s i t i o n  a t  a g iven  e l eva ted  tempera ture .  The e f f e c t  o f  p r e -  
c o n d i t i o n i n g  sodium superoxide samples by exposure t o  humid 
atmospheres  was a l s o  s tudied .  Such c o n d i t i o n i n g  lowers  t h e  
decomposi t ion tempera ture  s l i g h t l y .  I so the rma l  k i n e t i c  d a t a  
was a l s o  gene ra t ed  f o r  a number of c a t a l y z e d  systems. Magnetic 
s u s c e p t i b i l i t y  s tud ies  for ca lc ium superoxides  were extended t o  
i n c l u d e  measurements a t  temperatures  r ang ing  from -178 t o  38%. 
C 
d. 
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S e r v i c e s .  Depar tment  of Commerce ,  for s a l e  to t h e  p u b l i c ,  ind-  
c a t e  t h i s  f a c t  a n d  en ter  t h e  p ; i c c ,  i f  k n o w n  
11. S U P P L E M E N T A R Y  NOTES: U s e  for  a d d i t i o n a l  explan, 
to ry  notes .  
12. SPONSOR!Nlr MILITARY ACTIVITY.  E n t e r  t h e  n a m e  of  
t h e  d c p a r t a e n t a l  pro,rcf oflirea or  labora tory  s p o n s o r i n g  ( P a r  
tn% for) t h e  r e a e o r r h  and  devolopm-t. 
1-1 A B S T R A C T .  E n t e r  an s5r.,rnct g i r i n g  (I br le f  a n d  f a c t u a l  
summary  of *.e document  m d l c a t r v e  of t h e  repor t .  e v e n  t h o u g h  
i t  may also epuea: e l s r w h e r e  in the body of t h e  t e c h t u c a l  r e -  
port. If a d d i t i o n a l  s p a c e  ! s  requi red ,  a c o n t i n u a l l o n  s h e e t  s h a l  
be a t t a c h e d .  
I t  :B highly  d e s i r a b l e  tl ial  t h e  a b s t r a c t  of c l a s s i f l e d  r e p a r t  
b e  u n c l a s s i l L e d  E a c h  paragraph  of :he a b s t r a c t  s h a l l  e n d  with 
e n  i n d i c a t i o n  of the mi l i te ry  s e c u r i t y  c l a s s t f l c e t i o n  of t h e  i n -  
forma:ion in  t h e  paragr t tph ,  r e p r e s e n t e d  a s  ITS). (S), I C ) .  or fU. 
There I R  n o  I m i t a t i o n  on  t h e  length  of t h e  a b s t r a c t .  H O W -  
e v e r .  the s u g g e s t e d  lengtll 1s from 150 to 2 2 5  words .  
1.4. KEY WORDS: Key w o r d s  are t e c h n i c a l l y  m e a n m g f u l  terms 
or short p h r o v e r  that c h a r a r t e 1 l ; c  a repor t  a n d  may b e  u s e d  a s  
i n d e x  e n t r i e s  for  c a t a l o g i n g  rhe repor t .  
s e l e c t e d  a o  t h a t  n o  s ~ ‘ ; u r i t y  c l a s s i l l c a t i o n  is required. I d e n t i -  
f i e r s ,  s u c h  a s  equipment  model  d e q i g n a b o n .  t r a d e  name.  m i h t a  
p r o j e c t  c o d e  n a m e ,  g e o y r a p h r c  :oL-ation. may be u s e d  as  k e y  
w o r d s  but  w i l l  b e  fo l lnwed by rn  m d i r s t t o n  of t e c h n i c a l  c o n -  
tex t .  
I n c l u d e  address.  
Key w o r d s  m u s t  b e  
The auaignnient  of I m k s .  r -> les ,  a n d  w e i g h t s  i s  o p u o n a l .  
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